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FOREWORD

This roport presents the conclusions, recommendations, and typical results
available from the efforts to date on the project entitled '"Aerodynamic
Analysis of the Self-Suspended Flare.' This project was conducted by the
Government and Aeronautical Products Division of Honeywell Inc. for the
Research and Development [lepartment of the Naval Ammunition Depot
(NAD), Crane, Indiana, under Contract N00164-69-C-0662. The effort
described was essentially conducted during the period from .June 1969
through June 1970, with intermittent computer, documentation, and present-

ation efforts in the interim.

The cognizant Project Engineer for NAD/Crane was Mr, J, J. Riester, The
Pprincipal investigator for Honeywell was Mr. G. D, Stilley, with support
from other aerodynamics, computer programming, wind tunnel, and flight
test photography personnel, as required. The studies were also supported

by in-house facilities consisting of a subsonic wind tunnel, a CDC 6600 com-
puter terminal, a Honeywell Computer Network teletype computer terminal,
several cameras, and by a semi-automatic motion analyzer for film data.

The efforts were also supported on a mutual team work basis by free-flight
test facilities at Hurricane Mesa, which were the responsibility of a separate
contractor, Denver Research Institute, under direct contract with NAD/Crane,

Some informal consultive support was obtained from Dr, J. ). Nicolaides
and Dr. C. W, Ingram of the Aerospace Engineering Department at Notre
Dame University and from Dr, E. E, Covert from the magnetic support
wind tunnel facility at the Massachusetts Institute of Technology (MIT).
This technical report has been reviewed and is approved.




ACKNOWLEDGEMENT /DISCLAIMER

It is recognized that the name "Frisbee' is a copyrighted trademark of the
Whamo Corporation, Therefore, the more precise and legally correct way
to describe the domed, cupped configurations studied herein would be with
the terms ''frisbee-like configuration, "' etc. However, in the interest of
brevity and clarity, especially on figures, this report will define the

word "frisbee" to mean "frisbee-like configuration.'" Therefore, ''solid
frisbee'" would refer to a frisbee-like configuration whose top is domed

similarly to the ""Frisbee' bui whose bottom surface is filled in flush, etc.




T e — S ——

e T e —

Section

Io
I.Ia
111,

TABLE OF CONTENTS

INTRODUCTION

SUMMARY
CONCLUSIONS AND RECOMMENDATIONS

TECHNICAL DISCUSSION

A, Summary of Technical Considerations
and Efforts

L.

Problem Identification/Definition
Technicnal Approach

Aerodynamic Force, Moment, and
Axes Definitions

Trajectory Simulation Development
Preliminary Flight Dynamics Analyses
Fuzing Investigations

Aerodynamic Investigations
Preliminary Hurricane Mesa Tests
Nonspinning Wind Tunnel Tests
Interim Investigations

Hurricane Mesa Tests

Hurricane Mesa Data Reduction
Spinning Model Wind Tunnel Tests
Stability /Preccssion Criteria
Trajectory Computations

Recent Efforts

11

12
13
15

17
21
24
26
26
29
30
32
35
47
49
51
93
54



TABLE OF CONTENTS (Continued)

Section

B. Results
1. Theoretical Trajectories

a. Typical Nonprecessing Inert Flare
Trajectories

b. Typical Trajectories for Clay Pigeons
and Frisbees

c. Simulated Mesa Toss of lnert Flares
d. Simulated Air Drop of Inert Flare
e. Simulated Live Flare Trajectories
f. Typical Equilibrium Glide Conditions

g. Typical Trajectories for Other
Applications

2., Stability and Precessional Criteria for
Spinning Disks

a, Introduction

b, Stability and Precessional Criteria
Defined

c. Stability and Precessional Criteria
for Level Launch

d. Application of the Criteria to Frisbees
and Clay Pigeons

e. Application of Criteria to Self-Suspended
Flares

3. Configuration Aerodynamic Characteristics
a. Configuration Aerodynamic Data
b, Thickness Effects

c. Corner Radius Effects

Page
56
56

517

57
63
70
70
81

85

85
85

88
89
92

98
100
100
108
108




o)

Section

TABLE OF CONTENTS (Continued)

do

e,

Spin Effects
Combustion Effects
Cavity Effects
Aerodynamic Damping

Idealized Aerodynamic Requirements/
Alternate Configurations

Wind Tunnel Model Configurations

Recommended Extension of Present
Wind Tunnel Test Data

4, Free-Flight Testing

a.
b,

c.

Hurricane Mesa Tests
Hurricane Mesa Test Instrumentation

Typical Hurricanc Mesa Results for
Standard Inert Flares

Typical Hurricane Mesa Results for
Special Inert Flares

Typical Flight Test Results for
Live Flares

Flight Test Results on Spin Decay

Correlation of Flight Test and Predicted

Results

Auxiliary Observations from Other
Flight Tests

5. Math Models/Computer Program

a.

bc

Basic

Linearized Analysis

Page
109

114
114
119

119
124

124
129
129
131

135
137

142
145

145

146
147
147
148




)

Section

V.
Appendix A.
Appendix B.
Appendix C.

Appendix D.

TABLE OF CONTENTS (Concluded)

c. Typical Aerodynamic Coefficient
and Inertial Data for Computer Program

d. Sample Simulation Results

e. Possible'Math Model/Computer
Program Modifications

BIBLIOGRAPHY
Preliminary Combustion Wake Effect Analysis
Equations for Trajectory Simulation
Equations for Stability/Precession Analysis

Typical Configuration Data Input for Trajectory
Simulation

Page

148
149

149
163
169
178

199

203




- O

(=]

10
11

12

13
14
715
16
17
18
19
20

LIST OF FIGURES

Self-Suspended Flare Concept

Recommended Aerodynamic Configurations, Self-
Suspended Flare

Possible Alternate Aerodynamic Configurations,
Self-Suspended Flare

Gyroscopic Precession Principles
Aerodynamic Axes, Forces, and Moments
Typical Preliminary Trajectory Computations

Pitching Moment Coefficients for Typical Self-Suspended
Flare Configurations

Typical Installation (Sidewall Mount), Wind Tunnel Tests
Typical Smoke Tunnel Tests of Spinning Clay Pigeons
Typical Dummy Flare Configurations

View from Tracking Station of Self-Suspended Flare
Flight Test Site at Hurricane Mesa

Composite View of lfurricane Mesa Trajectory and
Impact Terrain from Boresight Camera

Hurricane Mesa Launch Site Arrangement

Top View of Flare Launcher

Tracking Camera Arrangement

Desired Live Flare Behavior

Typical Live Flare Behavior

Spinning Wind Tunnel Model Installation

Spinning Wind Tunnel Model Internal Components

Typical Idealized Self-Suspended Flare Trajectories =
Nonburniag

10
14
18
23

28

34
37

38

39
40
41
42
45
46
50
52

58




-

Figure
21

22

23
24

25

26

27

28

29

30

31

32

33

34

35

LIST OF FIGURES (Continued)

Typical Frisbee Trajectory Simulation Results -
Position .

Typical Frisbee Trajectory Simulation Results -
Orientation Angles

Simulated Trap Range Flight of Clay Pigeon - Position

Simulated Trap Range Flight of Clay Pigeon -~ Orienta-
tion Angles

Typical Simulation Results for Cliff Toss of Clay
Pigeon - Position

Typical Simulation Results for Cliff Toss of Clay
Pigeon - Orientation Angles

Simulated Hurricane Mesa Trajectory for 12-Inch,
12-Pound Dummy Flare = Position

Simulated Hurricane Mesa Trajectory for 12-Inch,
12-Pound Dummy Flare - Orientation Angles

Simulated Hurricane Mesa Trajectory for 8-Inch,
5-Pound Dummy Flare - Position

Simulated Hurricane Mesa Trajectory for 8-Inch,
9-Pound Dummy Flare - Orientation Angles

Simulated Air Launch of 8-Inch, 5-Pound Dummy
Flare - Position

Simulated Air Launch of 8-Inch, 5-Pound Dummy
Flare - Orientation Angles

Typical Effect of Flare Mass Loss on Trajectory of
Nonprecessing 12-Inch, 12-Pound Flare

Typical Effect of Flare Mass Loss on Trajectory of
Nonprecessing 8-Inch, 5-Pound Flare

Typical Effect of Thurst, Mass l.oss, and Cavity
Aerodynamics on Nonprecessing Flare Trajectory
(8:1 Cylinder)

60
61

62

64

66

67

68

69

71

72

73

74

76



Figure
36

37

38

39
40

41

42

43

44

45

46

417

48

49

50

LIST OF FIGURES (Continued)

Typical Effect of Thrust, Mass Loss, and Cavity
Aerodynamics on Precessing Flare Trajectory
(8:1 Cylinder) - Position

Typical Effect of Thrust, Mass Loss, and Cavity
Aerodynamics on Precessing Flare Trajectory
(8:1 Cylinder) - Orientation Angles

Locus of Burnout Points for Typical Constant
Altitude Self-Suspended Flare

Normalized Fall Distance for Self-Suspended Flare

Typical Trajectory for Flying Disks - 30 Degree
Launch Elevation

Typical Trajectory for Flying Disks = 45 Degree
Launch Elevation

Pitching Moment Coefficients for Typical Hollow Self-
Suspended Flare Shapes (Nonspinning)

Normal Force Coefficients for Typical Hollow Self-
Suspended Flare Shapes (Nonspinning)

Axial Force Coefficients for Typical Hollow Self-
Suspended Flare Shapes (Nonspinning)

Pitching Moment Coefficients for Typical Solid
Self-Suspended Flare Shapes (Nonspinning)

Normal Force Coefficients for Typical Solid Self-
Suspended Flare Shapes (Nonspinning)

Axial Force Coefficients for Typical Solid Self-
Suspended Flare Shapes (Nonspinning)

Effect of Peripheral Speed Ratio on the Aerodynamic
Characteristics of a Right Circular Cylinder

Effect of Cavity on Pitching Moment Coefficient of
Baseline S:lf-Suspended Flare Shape (Nonspinning)

Effecl of Cavity on Normal Force Coefficient of Base-
line Self-Suspended Flare Shape (Nonspinning)

77

78

80
82

86

817

102

103

104

105

106

107

110

114

115

S R AR )



54
95
56
37
58

59
60
61

62

63
64

65
66

LIST OF FIGURES (Concluded)

Effect of Cavity on Axial Force Coefficient of Baseline
Self-Suspended Flare Shape (Nonspinning)

Effect of Angle of Attack on Pitch Damping

Idealized Pitching Moment for the Self-Suspended
Flare

Wind Tunnel Model, Frisbee

Wind Tunnel Model, Clay Pigeon

Wind Tunnel Model, 8:1 Right Circular Cylinder
Wind Tunnel Model, 4:1 Spinning Model Assembly

Hurricane Mesa Photographic Instrumentation Arrange-
ment

Impact Area and Tracking Grid
Typical Boresight Camera Flare Image Size

Typical Flight Test Trajectories for a Standard Inert
Flare

Comparison of Typical Computer Trajectory Simulation
with Flight Test Data

Typical Flare Positions Obtained from Terrain Matching

Typical Flight Test Trajectary for a Special Light Weight
Inert Flare

Typical Live Self-Suspended Flare Trajectory, Shot 32

Typical Live Self-Suspended Flare Trajectories, Shots
27, 29, and 32

Page

116
119

121
124
125
126
127

132
133
136

138

139
140

141
143

144

T



L]

Table

10

11

12

LIST OF TABLES

Typical Equilibrium Glide Conditions

Linear Criteria for Negligible Precession from
Level Launch

Linear Criteria for Steady-State Precession from
Level Launch

Quasi-Steady Response Equations for Level Launch
Glossary for Stability/Precession Criteria

Linear Criteria for Dynamic Stability for Level Launch
Interim Wind Tunnel Test Plan for Follow-On Studies
Self-Suspended Flare Test Configuration L.og

Original Input for a Series of Simulation Runs with
Variable Cavity Aerodynamics, Thrust, etc.

Sample Output for a Typical Computer Run with Cavity
Aerodynamics, Precessing, with Fixed Format

Typical Input for a Simulation Run with Fixed Aero-
dynamics

Sample Output for a Simulation Run with Fixed
Aerodynamics

93
94
95
96
128
130

150

152

156

157




I. INTRODUCTION

A, OBJECTIVE OF THE SELF-SUSPENDED FLARE PROJECT

The objective of the Self-Suspended Flare project conducted by NAD/Crane
was to develop an air launched flare concept which would utilize gyroscopic
stabilization of the case of a disk shaped flare to retard the descent of the
flare sufficiently to provide intermediate-term illumination, [without the
parasitic weight and volume of conventional parachute flares](see Figure 1),
It was not intended to provide long-term battlefield illumination and the
associated very slow descent, Preliminary analysis indicated that reasonable
descent velocities could be achieved for reasonable times and composition
weights if such a flare could be kept oriented and if the proper combustion
characteristics could be obtained in a spinning body. Preliminary free-
flight and pyrotechnic laboratory experiments indicated that this could be
done,

The zaalysis of the aerodynamic feasibility of this concept was assigned to
the Government and Aeronautical Products Division (formerly Ordnance
Division) of Honeywell Inc., which had the required capability and experience
in flight and fuzing of unconventional ordnance, The pyrotechnic and case
study and development was primarily conducted in-house by the Research and
Development Department of NAD/Crane, whose primary mission was pyro-
technic development., Design, fabrication, and operation of the launcher was
assigned to the Denver Reseaich Institute, which had been providing con-
tinuing research support to NAD/Crane,

B. OBJECTIVES OF THE AERODYNAMIC ANALY SIS OF THE SELF-
SUSPENDED FLARE

The overall objectives of aerodynamic analysis of the self-suspended flare

were as follows:

ol
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PATH OF FLIGHT

Figure 1.

Self-Suspended Flare Concept




. Establish by analytical means the aerpdynamic feasibility of the self-
suspended flare concept.

Define the optimum aerodynamic configuration,

. Obtain aerodynamic data for use in further development.

(&5 INTERIM GOALS FOR THE AERODYNAMIC ANALYSIS OF THE
SELF-SUSPENDED FLARE

Because of the complexity of the task and the magnitude of the effort that
could have been required to guarantee achievement of these objectives,
compared to the time, funds, and flare combustion data available, interim
goals were identified which would both have a higher probability of success
and provide a firmer basis for planning of more extensive follow-on efforts.

D, SCOPE OF EFFORTS, AERODYNAMIC ANALYSIS OF THE SELF-
SUSPENDED FLARE (CONTRACT N00164-69-C-0662)

The planned scope of the efforts directed at these interim goals, whick were
considered compatible with the overall Self-Suspended Flare project
development status and funding level, encompassed the following major
tasks, in addition to the necessary coordination and dncumentation:

Trajectory simulation.

. Nonspinning wind tunnel tests of three basic configurations (ezch to
be solid and hollow),

Estabiishment of aerodynamic criteria,

As the Hurricane Mesa tests materialized, the coordination/liaison efforts

became more significant than normal.

On the basis of the preliminary results obtained and the concurrent scheduling
of relatively independent Hurricane Mesa tests, these tasks were informally
diverted, in concurrence with the NAD/Crane Project Engineer, to include
full scale participation in the Hurricane Mesa tests of November 1969,

-3-
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This was expected to increase the yield from both projects. The objectives
of this joint test effort were to maximize the data obtainable from the flight
tests and if possible to obtain aerodynamic or dynamic data not readily
obtained from the existing wind tunnel models and simulation and/or to
validate the existing data.

Subsequent to the Hurricane Mesa tests, the scope/of Contract N00164-69-C-~0662
was extended to extract and utilize the test data and to closely examine the
aerodynamic phenonema involved. These additional tasks were as follows:

. Analysis of Hurricane Mesa test data.
. Incorporation of Hurricane Mesa test data in the flare analysis.

. Spinning wind tunnel model test of one configuration,

While the long range objectives have not yet been achieved, the more reason-
able interim goals have essentially been met in terms of criteria and a data
base for further work.

This final summary report for Contract N00164-69-C-0062 is arranged in
the format of Summary (Section II), Conclusions and Recommendations
(Section III), Technical Discussion (Section 1V), Bibliography (Section V),
and Appendices. The Technical Discussion itself consists of a narrative
semichronological summary of the Aerodynamic Analysis of the Self-
Suspended Flare and the rationale applied and typical results of these
efforts in the areas of trajectories, analytical criteria, configuration
aerodynamic data, flight test results, and math models.

-4-



II. SUMMARY
A, THEORETICAL DEVELOPMENT

The following are the accomplishments of the Aerodynamic Analysis of the
Self=Suspended Flare in theoretical development:

e o — Y

. A relatively versatile trajectory simulation has been developed and
typical results are presented herein,

. Results correlate qualitatively with available free-flight tests and
analytical solutions,

. Preliminary analytical criteria relating aerodynamic, inertial, and ,
delivery characteristics have been derived and correlated with the i
well-known flight of toy frisbees and the flight of clay pigeons on
the range or tossed from Hurricane Mesa.

. Key features for those devices are the hollow domed shape, light
weight, and delivery orientation.

Cursory applications of the trajectory model to other ordnance delivery
applications show promise for these applications,

. The trajectory simulation is available for study of performance of
inert disks or burning flares (linear burning, constant thrust).

The simulation permits the assumption of either steady gyroscopic
precession under the aerodynamic moments, or gyroscopic rigidity,
depending on the purpose of the study and the available data.

S

For the low burning pressures originally anticipated for the flare, the
analysis indicated negligible effect on the aerodynamic forces,

B. TESTING

The following are the accomplishments of the Aerodynamic Analysis of the
Self-Suspended Flare in testing:

Preliminary wind tunnel tests have been conducted on typical solid
and hollow candidate shapes and trends observed.

Configuration parameters warranting further wind tunnel test with |
existing techniques have been identified.

«5He




Limitations of these techniques and the required improvements or
alternates have been identified, conmdered and deferred for future
development program(s),

Results of preliminary free-flight tests (conducted by another contractor)
have correlated qualitatively with theoretical results, in addition to
indicating areas for pyrotechnic research,

Free-flight tests to date have not yet adequately simulatad the air-
launch environment.

Theoretical trajectory extrapolations to air-launch conditions indicate
that either the optimum design has not yet been tested or identified or
that the theory/model/data require additional free-flight validation,
Configurations which appeared to manifest acceptable precession and
negligible trajectory displacement under Hurricane Mesa test conditions
appear to precess excessively for simulations of higher speeds or
higher drop altitudes,

Wind tunnel fests indicate that domed flare configurations generate
some of the key aerodynamic characteristics of clay pigeons or toy
frisbees,

The experience gained to date in instrumenting and analyzing the
Hurricane Mesa tests indicates that instrumenting formal airdrops

will be difficult, Detailed dynamic or aerodynamic information will
most likely not be obtainable, However, basic trajectory, performance,
and possibly lift/drag parameters will be available,



III., CONCLUSIONS AND RECOMMENDATIONS

. A, CONC LUSIONS

The following are the conclusions of the Aerodynamic Analysis of the Self-

Suspended Flare:

Interim goals of establishment of trajectory models and aerodynamic
requirements have been met and validated on typical configurations.

i . Adaptation to denser ordnance items could take either the course of

v configuration and delivery as scaled analogies to frisbee tosses with tilted
' domeud, cupped configurations or by neutralizing the aerodynamic
characteristics with relatively thick cylinders, or by a combinalion
thereof.

. Math models are available to perform preliminary application require~
ment studies in parallel with the completion of feasibility /configuration
efforts,

dem o= L

As may well have been expected within the scopec of the program to
date, insufficient data are yet available to conclusively establish
concept feasibility or infeasibility and the optimum configuration
required.

Such feasibility and configuration establishment will entail additional
effort balanced between analysis, computer simulation, wind tunnel
testing, pyrotechnic development, and free-flight testing of inert
and live flares,

In view of some of the results and limitations of the aerodynamic
studies to date, informal flight tests of typical configurations, at the
earliest opportunity, would be extremely valuable to provide the
following:

- Interim concept validation/configuration selection prior to
committment to live flare demonstration,

~ Validation of available math models and /or aerodynamic data.

— Identification of technical problems for both flare development and
flight test instrumentation,

— Adequate emphasis in forthcoming studies between applications,
flight dynamics, and pyrotechnic development.

-1-



B. RECOMMENDATIONS
The following are the recommendations for future development:

From the available data, the most promising configurations appear

to be the 3:1 to 2:1 diameter-to-thickness ratio right-circular cylinder
and the relatively thick domed/cupped clay pigeon-like shape, (see
Figures 2, and 3) which also show some possible alternates,

. Because of the interaction between aerodynamics and launch conditions,
the choice of configuration and/or launcher design must take into
account the importance of flare orientation at launch to provide desired
steady-state glide characteristics,

. The next step in flare development should be preliminary flight tests
using available models (large 6:1 and 4:1 cylinders) and the most
promising and easily made candidates such as 3:1 or 2:1 cylinders -
small heavy cylindrical or clay pigeon shapes (perhaps ballasted
actual or plastic clay pigeons),using the present launcher for the large
models or a modified clay pigeon launcher for the small models.

. The near-term subsequent steps in aerodynamic development should .
consist of the following:

- Systematic iteration of this family of configurations with the avail-
able wind tunnel techniques and math models to separate effects
of corner radii, thickness, and cavity.

- Extension of the aerodynamic criteria and math models as required.

- Instrumented flight tests for gross performance data whose nature
would be partially contingent on the results of the informal flight
tests,

- The development of improved wind-tunnel techniques should probably
be deferred because of the complexity, time, and cost involved and
the unknown effects, although a Magnus moment balance measure-
ment should be obtained as soon as economically possible,
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IV. TECHNICAL DISCUSSION
This section presents a description of the technical problems and/or the

efforts directed at their solution, followed by presentation of the typical
results of these efforts,
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A, SUMMARY OF TECHNICAL CONSIDERATIONS AND EFFORTS

The efforts expended to date on the Aerodynamic Analysis of the Self-Suspended
Flare have encompassed overlapping tasks of dynamic analysis, aerodynamic
analysis, wind tunnel testing, and free-flight testing., The somewhat arbitrary
distinctions are that the dynamic analyses meant trajectory and stability and
precession analyses utilizing the physical and aerodynamic coefficients for a
given configuration, or generation of analytical solutions. The aerodynamic
analyses meant determining the aerodynamic coefficients of a given configura-
tion from estimates based on theory, available data, or new wind tunnel data,
and synthesizing promising configurations for further study. Wind tunnel
‘testing included the actual fabrication of models and wind tunnel testing and
data reduction for static and dynamic aerodynamic coefficients, Since the
contractor was not responsible for conducting free-flight tests, the flight test
efforts included observation and photography of tests, recommendation of
instrumentation and test conditions, and analysis of photographic data for

trajectory parameters,

These efforts were directed toward the ultimate objectives of establishing
the feasibility of the concept and specifying the optimum flare configuration
and delivery conditions. The relatively austere allowable scope of the effort,
especially as originally planned independent of flight tests, did not provide a
guarantee that these objectives could be met in this phase of Self-Suspended
Flare development, It was hoped, however, that the interim goal of estab-
lishing aerodynamic criteria could be achieved,

These aerodynamic criteria would be intended to provide satisfactory flight
behavior if and when met by some available future configuration/delivery
combination. Of course, if it were then immediately obvious that such
criteria could never be met, then infeasibility would be indicated, The goals
of criteria establishment has been achieved and validated for familiar flying
objects, but the available data to not yet permit conclusions about the ability
to meet them in practice with the Self-Suspended Flare,

-12-



The considerations and efforts will be described in a loosely chronological
narrative because of the considerable overlap, shifts in emphasis, and cross

interpretation involved,

1, Problem Identification/Definition

The right-hand rule of gyroscopic precession means that if a torque is applied
to a symmetrical spinning object, the object will rotate steadily about an axis
at right angles to the axis about which the torque is applied, This rotation
will be at a rate proportional to the applied torque and inversely proportional
to the angular momentum about the spin axis, This steady-state rotation is
referred to as gyroscopic precession, and the steady-state rotations of the
flare will thus be referred to as precession in this report.

This right-hand rule ignores the transient accelerations of the spinning object
which usually have a negligible effect on the amplitudes of the motion for most
rapidly spinning bodies. The high frequency transients are quite frequently

referred to as nutations,

The gyroscopic precession of a top involves coning of the spin axis about the
vertical because the forcing moment due to gravity 1s always in the plane
which contains the vertical and the spin axis and which rotates with the spin
axis., Therefore, instead of tipping over at right angles to the torque, the
top keeps chasing the gravity torque, This plane could be called the gravity
plane (see Figure 4).

The gyroscopic precession of a disk flying roughly edge-on involves rolling
about the velocity vector because the aerodynamic overturning moment due
to an angle of attack with respect to the velocity vector is in the plane which
contains the velocity vector and the spin axis. It rotates with the spin axis
as it precesses about the velocity vector and maintains the angle of attack,
This plane will be called the aerodynamic plane (see Figure 4),
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Because the disk in free-flight is ''suspended' at its center of gravity, it
does not have a corresponding moment due to gravity which would directly
cause the more desirable coning about the vertical.

Both of these effects can be demonstrated with toy or laboratory gyroscopes
which are suspended by the end of the spin axis or at the center of gravity,
respectively, It was recognized that in addition to any initial inclination to
the velocity vector, the curvature of the path under gravity could impose an
additional angle of attack leading to roll precession,

Somehow, toy frisbees and clay pigeons have been able to bypass this appli-
cation of the right hand rule of gyroscopics. This was apparently attributable
to the cupped shape of these objects or to some dihedral-like response to
sideslip caused bytilting. Therefore the problem was to determine if this
behavior could be identified and extrapolated to an initially solid body launched
at high speed for a finite flight time,

2, Technical Approach

The approach to dynamic analysis of the flight of the flare is the standard one
in flight dynamics; separation of the slowly varying parameters which define
the trajectory from the higher frequency motions or oscillations about the
trajectory., The trajectories would then be calculated by digital simulation,
while the motions of the body with respect to the trajectory would be treated
by stability/response analytical solutions at selected points on the trajectory.
If insufficient data were available to quantitatively predict the stability/
response of a specific case, the analysis would take the form of stability/
response criteria to be met by the missing data for satisfactory behavior,
The two separated motions could later be combined in a 6-degree-of-freedom

simulation if desired,

The separation was necessary and reasonable because the spin rate introduces
nutational motions, normally excited by impulsive inputs, with frequencies
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on the order of twice the spin rate, This frequency would call for fantasti-
cally large amounts of computer time for the flight times involved, and the
simulation would fail if complete aerodynamic data for a stable body were
not provided. By the same token, the high frequency motions would normally
have such low amplitudes for a stable body that they would have negligible
effect on the trajectory. T'.e latter observation was validated by the stability

analysis,

These dynamic analyses would draw on aerodynamic data as available from
literature, theoretical estimates, and wind tunnel tests of representative
configurations. To serve as a starting point, the configurations selected for
initial study were a 16 inch diameter, 2 inch thick right circular cylinder
yielding an 8:1 diameter to thickness ratio, and solid and hollow versions of

the familiar clay pigeon and the toy frisbee,

This cylinder at that time appeared to be the prime candidate for tactical
deployment, The frisbee and clay pigeon presented possible variations in
corner radius and thickness from the cylinder, which, of course, was
expected to be the preferred shape for pyrotechnic design. Since they were
part of the inspiration of the concept and their flight characteristics were
supposedly well-known, the results obtained were expected to assist in
validation of the techniques developed for the Aerodynamic Analysis of the
Self-Suspended Flare,

Initially, the approach did not include formal flight testing because launcher
design and operation was the responsibility of another contractor and the
schedule was not necessarily compatible. As the study proceeded, this

launcher became available and the level of the aerodynamic contractor's
participation in the testing increased. This division of responsibility limited

the in-house "flight test'' to observations of informal clay pigeon and toy
frisbee flights, In retrospect, a parallel program of more formal in-house
small scale flight tests would have been valuable if the scope and funds had

permitted,
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3. Aerodynamic Force, Moment, and Axes Definitions

The aerodynamic coefficients presented in this report are defined in terms of
the aerodynamic axis systems and Figure 5 (and nomenclature of Appendix B).

The aerodynamic axes have their origin at the center of gravity of the disk
and are expressed in terms of the aerodynamic plane in a manner somewhat
analogous to symmetrical projectiles, except that the disk is considered at
rest or at zero orientation and angle of attack when edge-on. Because of
rotational symmetry, this aerodynamic plane is independent of arbitrary
transverse axes of the body. The aerodynamic plane is defined to be the
plane containing the positive spin axis (designated Z A) and the velocity vector.
The aerodynamic roll axis, (XA) is perpendicular to the spin axis in this
aerodynamic plane, The aerodynamic pitch axis, (YA) then completes the
right-hand rule triad of axes, XA and YA may be considered to define the
disk plane,

The aerodynamic plane corresponds to the pitch plane as the disk is tilted in
the wind tunnel for measurements of forces and moments. The angle of
attack, Lo is defined as the angle between the velocity vector and the disk
plane (or XA axis) measured in the aerodynamic plane perpendicular to the
disk plane. The aerodynamic forces expressed in standard body axis form
for projectiles or missiles are the axial force A, parallel and opposite to
the XA axis, while the normal force, N, is normal to the disk plane and
parallel and opposite to the positive spin axis. The normal force may be
considered to act at the center of pressure, which is ch forward of the

center of gravity along the XA axis,

The velocity axis forces, lift (L) and drag (D) are, as usual, perpendicular
and parallel respectively to the velocity vector in the aerodynamic plane,

L. and D or N and A can be resolved back and forth as most convenient, but
the present day integral wind tunnel balances are parallel and perpendicular

to N and A and give them more directly.
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If there were a side force (Y),which would have to be due to spin for these
disks with axes of symmetry, it would be defined as parallel to the aero-

dynamic pitch axis, YA‘ This force has been ignored so far but could
become significant, It would be expressed in the Magnus force coefficient

form (C,, ) with the coefficient a function of the angle of attack.

Yy

The pitching moment (M) is considered to be a torque/couple in the aero-
dynamic plane or a torque vector along the positive Y A axis, positive over-
turning, In addition to the static moment, MT(fx). due to the angle of attack
of the disk, the pitching moment description includes a damping moment
(MQ) = MQ QA) due to an angular rate about the Y, axis, This pitch damping
moment is also a function of the angle of attack, The effect of the spin on

the pitching moment is considered negligible,

The standard aerodynamics/ballistics approach to expressing*the aerodynamic
forces and moments in terms of shape dependent dimensionless coefficients
which are independent of size and mass and velocity (except as dependent on
Mach number or Reynolds number) has been followed here, The wind tunnel
data are all presented in this form. The reference area for this process has
been taken as the disk ''cross-sectional'' area (S = n r2) in square feet and

the reference length as the diameter (d) in feet, Defining the dynamic pres-
sure as q, the force coefficients,of the form CF’ and momen: coefficients,

of the form () are related to their respective forces (F) and moments

(M) by the following typical expressions:

Cp

F/qS

M/qSd

Cm

where q = 1/25v?2 (pounds per square foot)

o = atmospheric density (slugs per cubic foot)
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These coefficients which depend on angular rates are further defined in a
standard form of dimensionless angular rate in the form

c. . &m
Mo o
The rolling moment €L is defined about the aerodynamic roll axis XA’ which
forms the intersection between the disk plane and the aerodynamic plane., It
is considered to be made up of a static moment due to spin and angle of attack,
called the Magnus moment, and the roll damping due to roll rate P A about
the aerodynamic roll axis, The Magnus moment coefficient is normalized
to spin rate in the from C!w, which is itself a function of angle of attack, and

the roll damping is of the standard form C! . These coefficients, as is the

pitchdamping, are madedimensionlessby thgstandard aforementioned approach
of normalizing them to the dimensionless pitch, roll, or spinrates (or reduced
frequency) - Q, d/2V, P, d/2V, wd/2V. Inthe caseofroll, the parameter is
sometimes called the equivalent roll helix angle, and for spin it is usually
called the peripheral speed ratio and sometimes expressed as (Vr/V). The
use of the d/2 in these reduced frequencies reflects both aircraft practice in
the case of the roll helix angle and the relationship of the Magnus effect or
airfoil circulation to the surface velocity, However, many ballisticians do
not use the factor of 2 in their definitions, so that care must be taken in
comparing and or using data from different sources,

The yawing moment ¢V is defined about the positive spin axis ZA' and, in
this case, is considered to consist of any spin torques. For a symmetrical
disk with no driving vanes, the aerodynamic torque coefficient would consist

of only the spin damping coefficient (Cn ). No data are available on the
w
actual magnitude and angle of attack dependence of this coefficient since its

effect was undetected in tests so far, If there are aerodynamic driving

torques, these would be expressed as Cn s
o
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Spin torques and/or jet damping due to the flare exhaust would require special
definitions tailored to the assumed characteristics (usually related to thrust

and/or mass flow rates),

The inertial and dynamic axes used for analysis of the flight dynamics will be
presented in detail in Appendix B,

¢

In this repor’f, the word camber will be used to refer to the curvature of the
centerline of a cross section of the disk. In airfoil theory, the characteristics
of a basic finite thickness symmetrical airfoil may be considered to be super-
impoaed on the effects of the curvature and orientation of an infinitesimally
thin (or flat plate) airfoil, Most low-speed aircraft have thick airfoils whose
camber is at least sufficient to provide flat lower surfaces, while in the
Wright brothers aircraft the wings were essentially cambered flat plate air-

foils,

4, Trajectory Simulation Development

On the basis of the sepaiation of the high frequency dynamic motions from
the slow precession and linear velocities defining the trajectory, a quasi-
steady math model and digital computer program were developed to simulate
flare trajectories, This program allows for gyroscopic precession under
the aerodynamic moments and translation under the aerodynamic forces
experienced as a function of angle of attack, spin, and angular rates,

The forces are considered radial (axial) and normal to the disk, and the
moments are considered to be either overturning (pitching) in the aerodynamic
plane or rolling about a radial axis in the plane. The program allows for

spin decay under air friction. It allows for linear decrease of mass with
time, but this linearity could casily be modified for a nonlinear rate. The
mass is assumed to be lost from the inner surface of an annulus of pyro-
technic, The aerodynamic forces and moment coefficients defined in
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section I, A, 3, may be tabulated as a function of the cavity radius of this
annulus for four values of cavity radius, or as one function representing a
solid body or a burning body with negligible change in aerodynamics,

The aerodynamic forces and moments are assumed to by symmetrical with
respect to the aerodynamic plane containing the velocity vector and the spin
axis, except for the Magnus moment which is the rolling moment induced by
the interaction of spin and the airflow. At the present time this Magnus
rolling moment coefficient is assumed to be a parametric fraction of the
pitching moment coefficient, The fraction KM can be varied, or, in effect,
the aerodynamic plane could be considered to be rotated slightly by the spin,

The program can be com!nanded to simulate a nonprecessing constant attitude
trajectory, This permits definition of desired reference trajectories, and in
this mode the aerodynamic moments do not have to be known or assumed,

A truncated version of the nonprecessing trajectory simulation has also been
used for special in-house preliminary studies on a teletype console time
shared computer, The unpullished special program in the PACTOLUS
language was expected to be useful for remote operation from Hurricane Mesa,
but the phone lines/party lines would not have permitted it, Its use was
inspired by the apparent negligihle precession in the first series of Hurricane
Mesa tests,

A sample of some early trajectories used in examining the initial Hurricane
Mesa tests and planning later tests is shown in Figure 6, The shaded area
indicates possible variability in the Hurricane Mesa face at impact, Agree-
ment was considered reasonable at that stage of development for the 50 foot
per second launcher. The figure indicated that it would require a 150 foot per
second launch velocity to utilize the maximum vertical drop available at
Hurricane Mesa,
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5. Preliminary Flight Dynamics Analyses

Trajectory simulations and analytical solutions were used to study the flight
dynamics of the flare., These investigations involved primarily planar tra-
jectories for flares which were assuraied not to precess, and which, therefore,
required only lift and drag force predictions, and studies of precessing bodies
with available aerodynamic moment data, The studies were initiated with
estimated data, and measured data were used as they became available,

Some interesting and worthwhile effects were observed in these early planar
analyses and exploited or observed physically in subsequent investigations.
It was found trat the orientation of the disk (held constant) was the dominant
influence in determining the terminal flight behavior, rather than the initial
flight path direction. There was little difference for a level disk whether
tossed level, upward, or downward, but if tipped, there was a significant
difference, If tipped edgedown, it would travel farther (han the level, and,
if tipped edgeup, it would go less far or even ccme back, This can be
observed for frisbees and clay pigeons also, There appeared to be some
optimum orientation for gliding rather than falling, and, in one case, it
appeared capable of keeping up with the launch aircraft. Disks rolled to the
right would eventually reach a straight glide path to the right.

The effect of the different actual angle of attack histories on a freely precess-
ing disk is another problem, The response of disks permitted to precess

was disappointing in these early studies,especially with preliminary aero-
dynamic estimates which turned out to correspond to unrealistically thin
disks, The disks would precess in roll, eventually reaching a vertical orien-
tation which eliminated the angle of attack, While quite nonlinear, the rapidity
of precession increased with launch speed and decreased with spin or inertia,

The most baffling results were those preliminary results obtained with pre-
liminary clay pigeon data, since, although no one was sure that a disk would
fly aside from the limited Hurricane %i::a tests, a clay pigeon does success-
fully fly, |
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An attempt was made to match the significant parameters of a typical trap
range trajectory using photo data on velocity and spin, but the initial pre-
cession under the unsymmetrical moment and the precession and travel at
impact at first did not appear to be consistent with the clay pigeon's reputa-
tion of successful flight, Of course, the most experienced observers of clay
pigeon flight were the least likely to have observed a large number of com-
plete trajectories, and the launch dispersion, wind effects, and lack of quan-
titative historical data macde it impossible to define departure from the launch
plane at impact. As a matter of fact, calculated path departure was within
the realm of reasonable dispersion, Later results (in section IV, B, 1)
showed a reasonable precession history.

As a means of checking the simulation results, examining dynamic stability,

and possibly obtaining design criteria, the equations of motion were linearized

and a solution attempt was made for stability roots and/or dynamic response,

These early and limited analytical studies validated the assumption of motion
separation used in the trajectory analysis, They also appeared to validate

the predicted roll precession of right circular cylinders using estimated and

wind tunnel data by identifying the primary forcing function of gravity but not

any compensating stabilizing terms., They did not correlate with the well-

known behavior of frisbees and clay pigeons and the apparent behavior of the

dummy flares at Hurricane Mesa, The latter, however, changed direction

and velocity far outside the bounds of the linear analysis and, of course, were
considerably thicker than the configurations for which data were available.

The preliminary analytical solutions indicated that the Magnus (rolling)

aerodynamic moment due to spin was a stabilizing influence so that perhaps

this was much greater than anticipated. They also indicated that the smaller

the pitching moment, the better, so that perhaps the pitching moment was

much lower than measured without spin, The preliminary analytical solutions i
also did not appear to properly account for the effects of the camber of the ]

clay pigeon and frisbee shapes.

These preliminary analytical solutions were later extended to obtain criteria
which did account for and explain these camber effects, which correlate
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with observed behavior, and which serve as guidelines for future efforts
on the Self-Suspended Flare. These criteria are presented in section IV, B, 2,

6. Fuzing Investigations

As an aid to planning both aerodynamic and flare and fuze design activities/
requirements, a cursory examination was made of potential fuzing concepts.
The goal was to provide ignition at the optimum altitude with a preset sealed
device that did not require setting at launch. The preferred approach at
NAD/Crane at the outset was to calibrate Spih decay with altitude loss from
launch. However, because of indications that this might not be a valid fuzing
signature, other concepts were examined. Concepts examined and discussed
with the Project Engineer included the following:

. Spin decay (settable) = arming by a combination of spin velocity and spin
acceleration, and firing by spin decay.

Mechanical pyrotechnic delay (settable in six increments) - arming by
a borerider pull pin and spin velocity, and firing by pyrotechnic delay.
!

Barometric pressure (settable or preset) — arming by spin and differ-
ential dynamic pressures, and firing by barometric pressure,

These concepts were not carried beyond the conceptual stage, but helped to
focus mutual attention on requirements, constraints, possible approaches,
and the aerodynamic contractor's capability for providing or developing what-
ever type of fuzing device might be required at any stage of Self-Suspended
Flare development, from experimental to production.

To Aerodynamic Investigations

Relatively unsuccessful literature searches were made to obtain aerodynamic
data on flying disks. The only one obtained from a DDC search, an Israeli
report,.; concentrated on the purely rotational stability theory, with results
corresponding to those of the writer, but it neither included the translational
trajectory/gravity effects nor offered aerodynamic data, A paper was
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discovered through word-of-mouth on the lift and drag of the discus which
included another application of the optimum initial orientation phenomenon.
As the Aerodynamic Analysis of the Self-Suspended Flare progressed, some
college professors indicated informally that their students had made un-
published wind tunnel tests on frisbees with conventional external balances.
The available data had varying amounts of correlation with that obtained in
this study. One case showed the only spin effect to occur at a very high spin
rate, with a sudden spike in the data which does not correspond to any of the
usual spin scaling parameters except apparently the critical Reynolds number
for that specific condition.

A few references were found on thin disks and/or cylinders, From the
available data base, surprisingly good estimates were made in order to
initiate the dynamic analyses and to make the wind tunnel tests, which would
be the prime source of quantitative data, more meaningful.

When completed, these wind tunnel data were scrutinized and estimates
updated to cover configurations of interest for which tests were not avail-
able, These scrutiny/estimates picked up the trends of the effects of thick-
ness and corner radius leading to synthesis of new candidate test configura-
tions expected to bracket the desired effects. While the effect of detailed
corner radius on basically cylindrical bodies was not yet isolated, there
seemed to be a definite effect of thickness and of gross corner radius.

A brief study was made of the effects of flare plume on the aerodynamics,.

With the magnitudes of flame pressure and temperature supplied by NAD/
Crane, this analysis indicated that the flare plume would have a negligible
effect on the aerodynamics., The aerodynamic characteristics would then
correspond to the equivalent hollow cool body. It was considered desirable
to conduct a more detailed study at some future date, but such a study was

beyond the scope of this project,

An example of the aerodynamic data obtained or extrapolated is shown i.n
Figure 7. More detailed results are presented and discussed in section
IV. B. 3.
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8. Preliminary Hurricane Mesa Tests

Near the outset of the aerodynamics analysis, a preliminary investigation

cf the use of Hurricane Mesa for free-flight tests was conducted by NAD/
Crane and the Denver Research Institute, Although remote, this site offered,
in addition to sheer drops, the availability of electrical power, shops, dark
room, launch and camera stations, access to both top and impact areas, and

a sled track.

Dummy flares representing right circular cylinders 12 and 8 inches in
diameter and 2 inches thick and expected flare density were launched at
maximum velocity and spin and primarily in a level orientation, One was
launched with the launcher rolled abou* 15 degrees. The trajectories were
quite repeatable and, in general, correlated well with computer calculations
for nonrolling flares within the limits of the site survey data available,

One -half pound, 4-inch disks were not correlated because the launches were
not repeatable, They were more subject to the winds and were not used

in later tests,

The dummy flares did not appear to roll any significant amount, Computer
predictions with estimated data based on thin disks and later with measured

data for an 8:1 diameter-to-thickness disk (section IV, B. 3, ) indication a

relatively severe amount of rotation, as did the available linear theory,

This apparent lack of correlation provided a strong incentive for the later

detailed free-flight and wind tunnel testing, With hindsight, the differences

could be largely attributed to the differences in thickness assumed in the

computer studies and that actually flown. The wind tunnel model was for

an 8:1 diameter-to-thickness ratio, the 8-inch dummy flares were 4:1, the

12-inch dummies were 6:1, and the first coefficient estimate was for essen- {
tially infinite ratio, |
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9. Nonspinning Wind Tunnel Tests

During the early planning of the analysis, it was anticipated that the flare
could possibly be exhausting from both the top and bottom of the grain cavity,
so that the aerodynamic configuration would be an annulus with increasing
hole size (doughnut), rather than an inverted cup with increasing bottom
cavity diameter as was actually the preferred configuration,

Support of either a spinning annulus or a hollow cup on a wind tunnel sting
was considered beyond the scope of the project., Best estimates were that
the spin-dependent aerodynamic terms were not large enough to justify the
expense involved in devising fixtures to measure them, Thus, the decision
was made to perform initial studies with nonspinning models in order to
maximize the number of configuration variations examined.

The other consideration in wind tunnel fixture design was the necessity to
place the ''center' of the strain gage balance as close as possible to the
center of the model to maximize sensitivity to the forces and moments., This
could not be done with an internal balance on hollow models. Therefore, a
side mount was used to place the pitch measurement gages in line with the
pitch axis, This would also make it easier to cover the full range of 0-90

degrees in angle of attack.

A typical mount is shown in Figure 8. In this case the complex clay pigeon
configuration was obtained by plastic molding, The other models, the right
circular cylinder and the frisbee shape, were machined from aluminum,

The results of these tests correlated fairly well with each other and with
preliminary estimates and with some available discus data. The most
severe disagreement with preliminary estimates was in a favorable direction,
The center of pressure of the thin disk was assumed relatively far forward
so that the estimated pitching moments were considerably larger than those
measured, The more airfoil-like bodies had a more pronounced stall-peak
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on both normal force and pitching moment than did the cylinder, but all had
similar trends before and after stall, As expected, from conventional airfoil
practice and theory, the cambered (domed) clay pigeon and frisbee had a
definite shift of the symmetry of the moment curves so that the aerodynamic
pitching moment was zero at a finite angle of attack rather than at zero, The
hollow counterparts had more pronounced reductions of moment and greater
shift of the moment curve intercepts,

A spring restrained oscillatory side mount fixture was used to examine
aerodynamic pitch damping. The damping coefficients were quite small and
of questionable sign. Therefore, the results may have been masked by the
nonlinear hysterisis type instability often displayed by thin disks in free
oscillation in response to separation from the body itself or to flow turbulence,

While the side mount provided measurement sensitivity advantages, it also
introduced the problem of flow interference, both external and internal (for
hollow models), The internal interference could have caused the measured
moments to be too high and therefore conservative, The interference also
could have caused drag results to be too high, since the lift-to-drag ratio
appears to be 15 - 20 percent too low to correspond with informal flight

observations,

10, Interim Investigations

As a result of the apparent inconsistencies between preliminary free-flight
tests, analytical solutions, and simulation results with available nonspinning
wind tunnel data, it was concluded that either there was a greater spin
dependence of the aerodynamics than anticipated, causing a drastic reduction
in overturning moment, or there was a stabilizing aerodynamic mode ignored
in the simulation,

A short exploration of this problem area and of approaches to the solution
was undertaken, This included observation of a smoke tunnel flow, observation
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of and consideration of instrumentation of three-degree-of-freedom wind
tunnel motion, investigations of fixture designs for wind tunnel measurements
of spinning models, and consideration of free-flight approachev, These

brief explorations were undertaken at Honeywell and through consultation at
Notre Dame, Consideration was also given to magnetic suspension at MIT,

The Notre Dame smoke tunnel flow over a spinning clay pigeon (Figure 9)
showed a considerable degree of three dimensional effect, and indicated some
slight variation with spin, but not enough to represent a drastic reduction in
pitching moment from that of a nonspinning body. Three-degree-of-freedom
observations of symmetrical disks on Notre Dame's jewel bearing and
Honeywell's gas bearing displayed unexpected levels of attitude stability with
slow coning which do not agree with linear theory and could be attributed to
mass unbalance or the sought for neutral overturning moment,

This three-degree-of-freedom behavior indicated that it might be feasible to
support a model for 3 degree-of-freedom tests, but the computer program
required to extract the aerodynamic coefficients was not available and would
require time and expense to develop. The programs available at that time
assumed solutions for quasi-symmetrical bodies such as projectiles and
missiles with spin axes near the velocity vector and which have symmetrical
differential equations. Because these symmetrical equations assume com-
parable aerodynamic stiffness for both angular rotations of interest (pitch
and yaw), they are not applicable to gliding disks (pitch and roll) or gliding
flettners (yaw and roll) in which there is no aerodynamic moment due to roll,
They would be applicable to flight with the flarc broadside to the flow, how-
ever,

Concurrent discussions with Notre Dame regarding free-flight techniques
brought out some of the difficulties and possible approaches to motion simu-
lation and data extraction, The value of light weight models for amplification
of dynamic motions to assist in instrumentation was emphasized,
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The effect of the support on three-degree-of-freedom data is another area
of concern, Discussion of magnetic wind tunnel support systems with Dr.
Covert of MIT indicated that present systems would necessitate small
(quarter/half dollar sizes) models, and additional development of test data
extraction techniques would be required to obtain six-component data from
spinning models,

From these investigations, it appeared that the least additional time and cost
would be required for a plan involving free-flight tests and aerodynamic data
extraction at Hurricane Mesa, because a basic project and equipment were
already well underway, and a six-component wind tunnel test of a spinning
solid cylinder model, because, if successful, quantitative data would be
directly measured to define the effect of spin on the overturning moment.
The technique proposed would increase the sensitivity of pitching moment
measurements,

Subsequent adoption of this interim plan resulted in project redirection to
participate in the Hurricane Mesa tests, reduce the test data, build and test
a spinning wind tunnel feasibility model, and incorporate the results in the
dynamic analysis of the flare behavior,

11, Hurricane Mesa Tests

In conjunction with the NAD/Crane Project Engineer, it was concluded that
the most expedient approach within the available time and funds would be to
attempt to extract dynamic motion and/or aerodynamic data from the Hurri-
cane Mesa free-flight tests which were already scheduled for live flare tests
and formal recording of nominal trajectories, This approach would involve
addition of special models and test conditions and additional instrumentation,
The aerodynamics contractor contributed planning knowledge, data require-
ments, equipment and personnel to these augmented experiments and instru-
mentation,
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The tracking station cameraman employed by the aerodynamics contractor
had several years of experience as a cameraman at Hurricane Mesa, The
aerodynamics principal investigator made on-site observations of all tests
and provided selection and modifications of the special configurations,

These on-site observations and experiment selections based on early behavior
observations were more useful than the preplanned aerodynamic experiments
and quantitative data, a3 often turns out to be the case.

The tests were conduct:d in November 1969, The special models and test
conditions devised by the contractor included removal of steel ballast and/or
wood layers from some of the standard dummy flares prepared by the test
contractor, removal of upper corners to simulate frisbee/clay pigeon con-
tours, edge painting, and cross hairs, and tilting the launcher. Figure 10
presents typical dummy flare configuraticns (unpainted).

In addition to the launcher at the launch site, there was a tracking camera
with zoom lens above the launcher on a forklift (not usable for live firings),
a test number board visible to tracking cameras, a launch signal flash bulb,
and camera synchronizing and timing electronics,

At the control site, a safe distance from boresite on the edge of the cliff,
was located the launch control box which controlled launch and ignition event
pulses to the synchronizing circuits and the flashbulb., At the tracking sight,
there was a ''tracking'' camera with telephoto lens mounted on a panhead with
pickoffs for aximuth and elevation, a data camera recording box, panoramic
motion picture camera, and associated timing electronics, These were
supplemented by a panoramic still camera for the live tlare tests.(See Fig-
ures 11, 12, 13, 14 and 15).

Below the launch site on the sloping shoulder of Hurricane Mesa was placed
a grid marking at 1 degree intervals of line-of-sight depression from the
boresight station, The markers were 5 foot horizontal poles with alternating
1 foot red and white stripes.

-36-




“NIN“Illl“i"!llllll“ll‘l!l!!lllllll“llltl b
' 42997 40etocee¥ suatginn

Figure 10. Typical Dummy Flare Configurations

-37-



[ . o L m‘.ﬂ

| et Tt

! W ek | : et r

L L b I
B0 0=

TYPICAL
FLARL
POSITIONS
iISHOT 451




b

zﬁ'" SN

represent boresight camera frame numbers,

et =

I

nur

Noote

nd

d

Trajectory

t onposite View of Harricane Mesa
Terrain from

Impat

)

1

JOU e

Boresight Camera



Figure 13, Hurricane Mesa launch Site Arrangement
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Figure 14. Top View of {'lare launcher
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For the particular system evolved, the maximum possible data was obtained.
One feature contributing to maximizing data was the use of color film on all
the tracking cameras to provide contrast with the rugged terrain,

The results of the Hurricane Mesa tests were somewhat spectacular and
unexpected, Some of the modified dummy flares greatly amplified the pre-
cessional motions, which were not perceptible for the standard dummy flares
in these or earlier preliminary tests,instead of the hoped for stable coning
modes, The live flares developed sufficient thrust to climb above the mesa
instead of falling at the predicted rate along the basic parabolic path of the
dummy flares. Lighter, thinner dummy flares rolled to the left on the order
of 10-30 degrees, thus curving the path significantly from the nominal plane,
When launched at a downward angle, they rolled to the left until edge-on
after even greater trajectory curvature. Even at full or greater weight,
dummies with rounded corners; that is solid frisbee/clay pigeon shapes,
peeled off quite significantly. In some cases, the initial rapid roll preces-
sion appeared to stop or slow down and the disks attempted to glide in a
manner corresponding to this new orientation, as predicted by nonprecessing
nonrolling theory in computer runs. As a matter of fact, one case was
"gliding" so well that it was airborne at least 10 seconds even though it
impacted near the base of the cliff instead of the usual 6-7 second drop to the
nominal impact area down the sloping shoulder, These manifestations of
steady precession without visible wobble tended to validate the precessional ‘
model used in the trajectory computer program, especially since closer
scrutiny and/or parametric analysis indicated that the scaled precession of
standard dummy flares might not be readily perceptible under the Hurricane
Mesa test conditions.

Continual strong updrafts made it impossible to conduct instrumented

experiments with standard toy or oversized toy frisbees. The updrafts also
tend to cloud the quantitative data reduction for the dummy flares,
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Meaningful observations of clay pigeon flight which tend to validate the
criteria developed were obtained in spite of the high winds, however, It was
relatively easy to find a stable nose-down orientation which would glide
"wings level' at a stable equilibrium velocity. The straight line flight path
would undergo changes in direction as wind direction shifted with altitude,
but few cases of precession or curving back into the mesa were observed,

It was guessed that some had traveled 1/4 mile before impact far down on
the base of the mesa. Unfortunately, no quantitative data were obtainable

on these flights,

In all analyses, it has been assumed that the flare would generate negligible
thrust on the basis of illumination requirements and preliminary pressure
estimates at NAD/Crane. Due to a combination of factors, most of the live
flares generated sufficient thrust to halt the fall of the flare and lift it above
the top of the mesa. The one flare which did not rise, of course, provided
considerable illumination of the face of the mesa (Figure 16). The rising
flares are typified by Figure 17. The flares were apparently quite stable
during both descending and ascending flights although there was an impression
of tilting toward the tracking site that caused a lapse of tracking on one flight.

The launcher was developed by the flight test contractor as originally speci-
fied by NAD/Crane for carriage in a light aircraft so that its primary pur-
pose was 'to impart a controllable pre-spin and sufficient velocity for safe
separation, It uses a pneumatic cylinder to drive a carriage which mounts

a turntable on which the flare is placed. The launcher, consisting of a rubber
belt wrapped around the disk, a turntable, and an idler, imparts 1000 rpm

to a 12 ianch, 12 pound disk while the carriage imparts a 50 foot per second

velocity.

This velocity would seem to provide a safety margin for early air launches
and did provide a free-flight spinning environment for the live flares, but
it was not sufficient to provide a ground based simulation of air launch, It
did not use the range capability of the Hurricane Mesa, although greater
range would have strained the instrumentation capability.
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Almost a mile of movie film plus numerous still negatives were obtained
from the test series (48 official launches).

The trajectories obtained for standard dummy flares agreed fairly well with
predictions for the launch conditions, and the observed precessions tended
to validate the precessional computer program. There was reasonable
correlation with the analytical criteria solution, but the rapid change in
angle of attack for the low speed launch and velocity variations makes it
difficult to correlate such linearized analyses closely and makes it impossi-
ble to use these solutions to extract the desired aerodynamic coefficients.

A better simulation would have required much higher launch velocities (per-
haps from a sled or aircraft).

While not successful in producing quantitative data, not too much had been
expected, and these tests were valuable because they did provide qualitative
validation of the math models and insight into the dynamic criteria, revealed
problems in flare design, gave experience in field testing and data collection,

and led to experience in data reduction,

12, Hurricane Mesa Data Reduction

Plans for reducing the Hurricane Mesa test films by the aerodynamics con-
tractor were predicted on the availability of film reading equipment with an
automatic computer input interface and personnel familiar with film data
extraction, with Hurricane Mesa itself, and with the math models for which
the data were intended and ‘..e availability of large and small computers and
their associated programmers. The film-reader and interface could record
crosshair position and angle or change therein and frame number or time.

It soon became apparent that it was not feasible to write a master program
which would accept inputs from all cameras and print out position, attitude,
and aerodynamic data, even though the maximum obtainable data and generally
high quality photography were generated. Each test had to be examined
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separately, and the most appropriate combination of film data correlation
assumptions and computation applied, This often involved multiple readings
of the same camera and/or use of data from another camera to interpret or
compute a set of parameters,

It was recognized fairly early that no quantitative attitude data would be
obtained because no operator(s) could consistently locate and measure the
axes of the elliptical image of the flare, which varied from a line to a near
circle,

As could be expected in such a system, there were lapses in synchronization
or timing signals, but conditions were repeatable enough to justify attempts
to reconstruct or ignore these data in many cases,

It was found that the most convenient approach to trajectory position data
extraction was terrain matching. This was especially true for the boresight
camera because the curving flight path and narrow fields of view caused
drastic departure of the flare image from the test range grid, which itself
was limited by terrain., It was relatively easy, however, to recognize the
prominent terrain features in the motion picture films and to locate them

on still pictures made of the terrain from both tracking and boresight stations.
Coordinates of the images on these stills were corrected for camera orien-
tation, itself extracted from image position of reference points,to obtain
These angles for boresight and tracking
were combined to determine three-dimensional flare position coordinates.

measures of line of sight "angles. "

The boresight calculations required zoom lens calibration of focal length
variation with time from event and image size measurement,

The planar trajectories obtained for standard inert flares agreed reasonably
well with previous computer predictions, but attempts to extract detailed
motion parameters from these, and especially from precessing special
flares, were not particularly successful, This disappointing return on effort
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expended reflected a combination of factors which included data scatter,
intermittent gaps in data, poor resolution near the launch, strong updrafts,
unknown atmospheric density, the difficulties in instrumentation and calibra-
tion due to the terrain, impracticality of reading an adequate number of
points for accurate data fitting, and the multiple differentiation required

and the unavailability of standard software for these special cases, All
parties were aware of the gamble involved,

13, Spinning Model Wind Tunnel Tests

A spinning model was made and tested to obtain data and check the feasibility
of the proposed technique, The model consisted of a nonspinning center ring
to which the rear sting was attached and upper and lower spinning disks
connected by a through shaft (see Figure 18), These disks were spun by a
cold-gas turbine mounted on the shaft, The 8 inch diameter model tested
had a 4:1 thickness to diameter ratio so that it was essentially a full sized
mockup of the 8 inch diameter live flares launched at Hurricane Mesa. The
Hurricane Mesa tests indicated that the thicker shape would be more stable,
and, as expected, the pitching moment was smaller and virtually neutral at
lower angles of attack. The spin effect itself was small, The internal
mechanism precluded use of much thinner shapes or large cavities, but a
variety of corner radii and bottom cavity contours can be accommodated
with modifications of the upper and lower disks, The turbine will require
modification if higher spin rates are desired.

This model is suitable for both spinning and nonspinning tests.
This model reflected our experience that the level of moments being con-
sidered cannot be accurately measured with balances that are displaced from

the model center let alone exterior to the model. Thus, the accurate meas-
urement of moments on a thin hollow body is still a problem area.
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To maximize sensitivity in pitch in order to detect the anticipated spin effect

on pitching moment, the strain gage balance was placed to the side of thebearing
assembly so that its pitch center was aligned with the spin axis (see Figure 19),
This meant that the roll center was displaced approximately 1 inch and pro-
duced strong coupling of the normal force into the roll gage, making it
extremely difficult to detect small Magnus moments, Since the balance could
not be placed at the center because of the bearing .nd turbine, solution of

this sensitivity conflict with standard six-component balances would require
either two separate, partially redundant, balances or two passes with the

same balance relocated between passes.

Existing so called Magnus balances are designed for the stiffness/sensitivity/
geometry requirements of symmetrical projectiles, Consequently, it would
require a specially designed and built yoke and gage assembly with the gages
separated to provide the required sensitivity for this special configuration,
This delicate device could be relatively expensive,

Indications are that the Magnus moment must have been insignificant on the
shapes tested so far but that it could become more important for the thicker
shapes envisioned as a desirable direction for study. Consequently, con-
sideration should be given to construction of such a special device for future

investigations.

14, Stability/Precession Criteria-

On the basis of the observations of Hurricane Mesa flight of the standard
and special dummy flares and clay pigeons, the preliminary analytical
solutions were updated and re-examined, The test observations revealed no
evidence of a dynamic mode stable about the vertical, but rather steady
precession '"proportional' to aerodynamics and gyroscopic stiffness, The
re-examination revealed the sought for effect of camber which both provided
nonprecessing flight for the actual clay pigeons and frisbees, but caused the
precession of the solid frisbee/clay pigeon shaped dummy flares, recon-
firmed the forcing effect of gravity drop, and reinforced the validity of the

trajectory math model,
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‘These analysis provided an explanation of the flight of the toy frisbee and
tentative criteria for application of the principle to ordnance delivery.

These preliminary criteria presented in section IV. B, 2. represent an inter-
action of configuration spin and delivery conditions which are easily satisfied
for the frisbee and the clay pigeons tossed from Hurricane Mesa, Satisfaction
for dense flares or munitions may require a brute force approach if the
frisbee analogy is not practical.

The criteria may be summarized as follows,

A spinning thin disk will precess (roll) about its velocity vector if there is an
aerodynamic moment resulting from its inclination to the flow. A cupped or
domed disk will have a neutral aerodynamic moment at a particular inclina-

tion (angle of attack) at which angle it will alsc generate finite lift.,

If the lift equals the weight at this angle of attack, the disk will stay at that
angle of attack without precessing.

If the orientation and glide angle are such that the velocity stays constant,
this condition could continue indefinitely.

15, Trajectory Computations

Subsequent to the wind tunnel tests, the trajectory program was exercised
with data and launch conditions derived from the 4:1 cylinder wind tunnel
tests, the Hurricane Mesa tests, the frisbee/pigeon tests, and the insights
gained from scrutiny of the linearized precessional criteria, There were
varying degrees of correlation with flight observations and criteria inter-
pretations., See Section IV, B, 1, for typical results.

For the clay pigeon/frisbee, results were obtained for simulated trap range
or downhill tosses that appear to be within the limits of visual observation
under the normal terrain and wind conditions and the variations in measured
lift and drag.
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" Closer examination of the roll precession for simulated standard Hurricane
Mesa launches of standard flares led to the observation that the computed
roll angles near impact could very well not be detectable at the distances
involved even with a less angular background.

Attempts to find a launch angle/velocity/spin combination that would give
negligible precession by gliding at a neutral point for the 4:1 cylinder were -
not completely successful because the aerodynamic moment was apparently

still too large during the transient to the neutral point, It is hoped a thicker

disk will give the desired level,

The effect of launch angle was not correlated with the Hurricane Mesa re-
sults. However, the roll increase could be attributed to the fact that the
level launch would cause the disk to pass through a stall point and reach
the lower moments attendant to high angles of attack, while the inclined
launches would stay at lower anglesof attack and high moments longer.

16, Recent Efforts

Results were not yet conclusive concerning feasibility or required configura-
tions. On the basis of the trends established by the wind tunnel data and the
alternatives offered by the criteria, an outline of the next iterations in con-
figu;'ation was drawn up., These configurations included increases in thick-
ness, variations in corner radii, variations in depth of a partial cavity which
would still leave pyrotechnic volume, and combinations thereof. These
studies would hopefully isolate the separate effects which were combined in
the typical candidate configurations tested so far. Funds did not permit
pursuit of this or of any other attacks on solution so that they must be

reserved for future efforts.

Discussions were held with the NAD/Crane Project Engineer regarding air
drops. It was concluded that the most expedient approach to simulation,
feasibility evaluation, and test instrumentation development would be preliminary.
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drops of inert flares at NAD/Crane with available aircraft and manual
tracking photography. This would reveal the problems to be anticipated in
more formal instrumented drops of inert and live flares,

These technical efforts have been suspended pending further authorization
and flight test activity.

It should be noted that tracking photographs of recent gas gun tests using
spinning circular sabots launched edge-on with the disk vertical showed a
tendency to roll-out towards ''wings level, '' nose downhill flight in a manner
analogous to that of a frisbee tossed on-edge. Exploitation of this prelimi-
nary impression obtained from light-weight sabots to dense flares was not
possible since it was obtained after suspension of technical activity, How-
ever, it bears consideration in future studies as a possible means of auto-
matically compensating for the launch transient that would otherwise have

to be calibrated,
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B. RESULTS

Typical results of the efforts described in section IV.Aare presented in the
following subsections collected under the following categories:

. Theoretical trajectories.
. Stability/precession criteria,

. Configuration aerodynamics characteristics.
. Free-flight testing.
. Math models.

These results are supplemented by the appendices to this final report.

1, Theoretical Trajectories

During the aerodynamic analysis, computer simulations were performed on
the flight trajectories of prototype flare concepts with a range of constraints
on orientation and mass. Most of the prototype flare studies were made with
nonprecessing modes of the simulations to determine idealized reference
planar trajectories while searching for a configuration which would fly

stably and/or for the criteria it must satisfy. Since there could be an in-
definite altitude loss between launch and desired ignition altitudes, the
trajectory behavior of inert flares was studied. Since it was initially
assumed that burning pressures would not produce thrust, simulations were
run with mass loss corresponding to burning with and without thrust and

with and without effects of this volume loss on the aerodynamics. Because
their supposedly well known behavior helped inspire the concept and their
contours reprasented easily identifiable candidate flare configuration
variations, simulations of the flight of clay pigeons and toy frisbhees were
utilized to check the computer math models and analytical criteria developed.
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a. Typical Nonprecessing Inert Flare Trajectories - A typical paramet-

ric analysis of the idealized flight of the flare prior to ignition is shown in

Figure 20 as a function of launch velocity for falls from launches at 10, 000

feet to ignition at 3000 feet or above. In this example, a 12 pound, 12-inch-
diameter, 2-inch-thick flare was assumed to be launched in level flight in a

level orientation and held gyroscopically in that orientation throughout the .
flight. Similar curves were obtained for other sizes.

b. Typical Trajectories for Clay Pigeons and Frisbees - In order to
validate the precessional computer program and the precession criteria
of SectionIV.B.2 relating to both aerodynamic characteristics and delivery
conditions, the following runs were made using the measured aerodynamic

data.

Figure 21 shows the results of the simulation of a toy frisbee toss from
a 50 foot elevation, with initial orientation as prescribed by the theory,
including a slight droop to the left as one naturally tosses a frisbee. Its 1
path is relatively straight and level (Figure 21). The peeloff (Figure 22) !
which does occur is well beyond the point at which a normal flight would

strike the ground.

It is felt that the computed glide path in Figure 21 was steeper than normally
expected for a frisbee for two reasons. The wind tunnel model mounting
may have given a lower than actual lift-to-drag ratio. Those shallow
recreational tosses which do not appear to peeloff probably strike the
ground first anyhow, and many do peeloff. This peeloff is explained by

the analytical model as due to slowdown because the flight is at a shallower
angle than that required for equilibrium glide.

Figures 23 and 24 illustrate the simulated behavior of the clay pigeon on a 1
trap range. Even through it never reaches a steady-state glide orientation
nor satisfies the available steady-state precession criteria, it did maintain
a relativély straight path and relatively constant orientation in the time 3
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before impact. The launch velocity and angle, peak altitude, and impact
point agree fairly well with preliminary motion picture data obtained at an
actual range, and the roll angle and cross range departure are considered
below the level of observation on a range subject to winds, gusts, erratic
launchers, and informally instrumented tests. Again, the behavior may
have been exaggerated slightly by interference effects on the measured
aerodynamics, but the computed behavior is considered to validate the math

model itself.

An even more dramatic validation of the math model and the precession
criteria is shown in Figures 25 and 26 for the simulated toss from a cliff
of a clay pigeon at the prescribed orientation for stable glide and near the
prescribed glide velocity. In this simulation, quite straight and "wings
level" flight was achieved for an indefinite period. This result correlates
with informal trials during the Hurricane Mesa tests. Clay pigeons tossed
downhill over the cliff flew stably in straight line segments which appeared
to correspond to wind direction changes and reached the base of the mesa
without turning into the cliff. Unfortunately, no photographic record

of this is available, but several of the observing personnel watched these
experiments while awaiting better weather for testing and/or photography.

c. Simulated Mesa Toss of Inert Flares - Figures 27 through 30 present
the results of the application of the trajectory simulation and the estimated
aerodynamics based on the available data to the Hurricane Mesa launches

of the 12-inch, 12-pound and 8-inch, 5-pound dummy flares, respectively.
As indicated by the impact point from flight test 35, there was reasonable
validation of the model and the data for the 12 inch, 12 pound unit. The
behavior of the 8-inch, 5-pound unit, similar to that of the live flares
launched at Hurricane Mesa, corresponded to the simulation, and if any-

thing, appeared slightly more stable at Hurricane Mesa.

The abrupt peeloff shown in the computed results occurred at times and
falls beyond that required for impact at Hurricane Mesa. The computed
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departure from a planar trajectory prior to this impact time was considered
below the threshold of visual observation against the rugged Hurricane Mesa
terrain. However, this prediction of extreme trajectory curvature for
greater falls, even at this low speed, raises questions concerning per-
formance at actual launch speeds and altitudes and/or the validity of the
models and data which can apparently only be answered by more realistic
flight simulation.

d. Simulated Air Drop of Inert Flare - Figures 31 and 32 illustrate the
application of the trajectory program and the associated aerodynamic data
for the 8-inch, 5-pound dummy flares to a higher launch speed (175 feet per
second), corresponding to the very low end of the air launch spectrum.

This shows a 200 foot cross range excursion of the flare in the first 10
seconds and a 30 degree excursion in roll, both of which would be percep-
tible to an observer. It is interesting to note that in Figures 27 through 32,
the roll angle has seemed to approach a steady-state value which would tend
to result in a steadily turning flight until the angle of attack approaches

equilibrium,

If this simulation result is valid, the flight performance would probably be
unacceptable, but there are enough inconsistencies and missing aerodynamic
data to indicate the need for more free-flight simulation.

e. Simulated Live Flare Trajectories - As displayed vividly in the live
tests at Hurricane Mesa, generation of thrust by the flare could provide a
truly self-suspended or over-suspended flare. Most of the trajectory analy-
ses performed were based on the pyrotechnic design intent of negligible

thrust, however.

(1) Effect of Mass Loss on Trajectory = Figures 33 and 34 present
some typical trajectories which were computed to show the effect of mass

loss due to burning on the trajectory of a stable flare.

«-T70=-



ALTITUDE AND CROSS RANGE - FEET

RANGE - FEET

0 200 400 600 800 1000 1200
T~ CROSS-RANGE
-200 =
\\\
ALTITUDE ~~_
~
THICKNESS . . . . . . 2 INCHES
DIAMETER . . . . . . B INCHES "
-400 WEIGHT, . . . . . . . S POUNDS "
LAUNCH VELOCITY . . . 175 FEET/SECOND ‘\
ORIENTATION . . . ... LEVEL N
SPINRATE ., . . . . . 1500 RPM MO SECONDS
-600
Figure 31. Simulated Air Launch of 8-Inch, 5-Pound Dummy Flare -

Position
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Figure 33, Typical Effect of Flare Mass Loss on Trajectory
of Nonprecessing 12-Inch, 12-Pound Flare
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Figure 34, Typical Effect of Flare Mass Loss on Trajectory :
of Nonprecessing 8-Inch, 5-Pound Flare
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These figures are for an arbitrary launch velocity of 200 feet per second,
which is a likely speed for preliminary live air drops and for light recon-
naisance aircraft. They cover typical diameter, weight, and burning time
combinations. On the figures, overlapping curves are shown for ignition
delays of 0, 2, 4, 6 and 10 seconds, while infinite ignition time refers to the
nonburning case for comparison. The nonburning cases have end points
corresponding to burning time for the burning items.

In these idealized planar trajectory simulations, the thrust was assumed to
be negligible, precession was assumed to be negligible with respect to a
level orientation and launch, and the effect of burning and mass loss and
cavity on the aerodynamics was assumed to be negligible on the same basis
as the assumption of negligible thrust. Because the aerodynamics did not
change, the net effect displayed was a balanced effect on accelerationsinboth
lift and drag directions. Burning just reduced the arc length distance
traveled compared to the distance along the path of an equivalent nonburn-

ing flare for a given amount of time.

This reduction was on the order of 1500 feet and 1000 feet of o jengt
the 12-inch, 12-pound and 8-inch, 5-pound flures. respectivel

In other calculations, the inclusion of cavity effect on hft resulted i
some deviation above the nonburning path. This effect might then provide
an additional 20 percent reduction in altitude loss over and above that due
to mass loss. This effect is not available for the latest aerodvnamic

configurations, however.
An example of the combined effects of thrust, mass loss and cavity is
shown for the 8:1 cylinder for which cavity data are available (Figures 35,

36, and 37).

In Figure 35, the computed trajectory for a "'live" thrusting 8:1 cylindrical
flare, assumed to have negligible precession for 15 seconds of burning time,
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Figure 35. Typical Effect of Thrust, Mass Loss, and Cavity
Aerodynamics on Nonprecessing Flare Trajectory
(8:1 Cylinder)

-76-



RANGE - FEET

0 500 1000 1500 2000
RS ..~ CROSS RANGE ,
' ; FALL f
.
" \"
500 \ .
Y ~. J
- : \. INERT
i \
E llleEll
' DIAMETER: 8 INCHES
;.‘, THICKNESS: 2 INCHES
S 1000 | CASE WEIGHT: .5 POUNDS
§ LAUNCH WEIGHT: 5.5 POUNDS
h BURNING/FLIGHT TIME: 15 SECONDS
g LAUNCH VELOCITY: 200 FEET/SECOND
4 LIVE THRUST: 0.5 POUNDS
& 1500 "LIH!“
2000

| NERT

Figure 36. Typical Effect of Thrust, Mass Loss, and Cavity Aerodynamics
on Precessing Flare Trajectory (8:1 Cylinder) - Position |
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is compared to the corresponding inert flare trajectory. The combined
effect is an almost a two-thirds reduction in altitude loss with 0. 5 pound
of thrust. A higher level of thrust would be required to produce a climb

above the launch point, but the trajectory has almost leveled off at burnout
for this particular case.

In Figures 36 and 37, the trajectory parameters for the same "live" and in-
ert flares are compared when they are permitted to precess under the
aerodynamic torques experienced. As may be inferred from the inert
response, the 8:1 cylinder itself is considered too thin to provide the
desired precessional characteristics from a level launch so that conclusions
based on this simulated ""'live" response would be somewhat academic and

premature.

In the absence of corresponding cavity effect data for thicker configurations
and the significant pressures associated with thrusting, it is recommended
that future studies with thrust assume that thez aerodynamics are the same
as those for a solid flare of the desired dimensions. Typical coefficients

for such a solid flare and other configurations studies are shown in Appendix
D,

(2) Constant Altitude - While the ballistic coefficients, burning
time, and launch and ignition conditions define the altitude lost for a flare
delivered in a level orientation, a combination of these factors plus the
proper orientation could be utilized to reduce the average altitude excursion.
This is illustrated in Figure 38, where, with the same aerodynamic data
and nonprecessing simulation as for the Figures 33 and 34, it was indicated
that a stable 3 inch «liameter, 0.5 pound - 10 second flare could be kept
within £100 feet of launch altitude at net flare launch forward speeds above
about 250 feet per second. Net forward speed is the vector sum of aircraft
and launcher velocities. Launcher velocity vector and aircraft were
horizontal, but flare pitch attitude and, consequently, launch angle of
attack were forward edge-up at the angles indicated. These cursory
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results indicate that some further exploration might be worthwhile. They
certainly bring out the influence of flare orientation.

(3) Effect of Mass Loss on Terminal Velocity = While the inter-
action at gliding flight conditions requires numerical simulation, consider-
able insight into the boundaries can be obtained from examination of
terminal vertical fall. This idealized case, approached for slow launch
speeds or long ignition delays, has yielded closed form solutions which
could permit analytical tradeoffs between flare ballistic and pyrotechnic
parameters. This analytical solution is presented in graphical examples
and general equation form in Figure 39.

The simple analytical solution is that the average terminal fall velocity for
a disk of variable mass but constant drag coefficient and area is two-thirds
the terminal velocity at the start 6{ burning; (Vtave = 2/3 Vto). Thus, the
total fall for a given size and pyroté’chnic weight varies directly with the
burning times. A 16 inch disk with 15 pounds of pyrotechnic (0. 5 pound
case) is predicted to fall about 3100 feet in 60 seconds.

With regard to tradeoffs, these curves show that the thirner disk is better
for altitude loss of a level flare of a given weight, whereas precessional
stability studies indicate that the thicker the hetter. Therefore, additional
overriding tradeoffs would appear to be in order. A thin disk would pre-
sumably fall faster if precessed on edge than a thick disk only partially
tipped.

f. Typical Equilibrium Glide Conditions - In line with the observation
that precession can be prevented only by gliding at an angle of attack at
which the overturning pitching moment is zero (2 = L ) because of camber

P
or thickness, the desired equilibrium conditions may easily be computed

from the aerodynamic coefficients.
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Given, o,o , find the glide values of CN and C A at this angle of attack, then
the glide pitch angle OG, and glide velocity, VG‘

ag *® %p (glide angle of attack)
0g = tan"! (-c,/cy (glide pitch angle)

G
Ye¢ * % - % (glide path angle)

1/2

2W cos OG
[——— ] (glide velocity)

°S Cne

or more familiarly using CL and Cp,

1

Yo * -tan” 1/(CL/CD)G

-2W sin YG] 1/2

e
V = —_—————————
G 08 Cpg

%

Some typical values for these parameters based on the aerodynamic data
are shown in Table 1.

The problem is insuring that the transient between launch and this equlibrium
condition will not cause precession. With the current estimates of very
small Magnus moments the pitch attitude change during the transient should
be small, therefore the glide pitch attitude is expected to define the required
launch attitude:

60 = OG (initial pitch altitude)
a = Oo =ve (initial angle of attack)
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a - Q 4 C
o = ——2___OP [ Me — ] (initial roll angle)

(initial velocity)

Ly , .
where CLa,' CMa' tha = 3 ' 3% ' ma respectively.

g. Typical Trajectories for Other Applications = An obvious extension
of the flying spinning disk is to stabilize delivery of high explosive ordnance..
One form could be launch in a short range attack or defensive mode from the
surface. Some samples have been computed using the disk aerodynamics in
the nonprecessing time-share simulation. Typical results for a 4 inch,

1 pound disk are shown in Figures 40 and 41 as a function of launch angle
and launch velocity. Spin rate was not specified since this trajectory
program option assumes that constant attitude is obtainable. Figure 41
illustrates the effect observed throughout the study,and capitalized on in

the steady glide analysis,that the disk attitude has a greater influence on

the terminal flight conditions than the launch flight path direction. The tick
marks on the curves are intended to denote the assumed constant orienta-
tion of the disk at those points.

2. Stability and Precessional Criteria for Spinning Disks

a. Introduction - Simplified analytical solutions have been obtained for
the linearized stability and precessional response equations of frisbee-like
objects. Correlation with local and Hurricane Mesa observations is con-
sidered quite good with respect to the following:

. Hand-launched toy frisbees, which some persons can fly well for a
while.
. Light-weight solid inert flares, which precessed inversely with weight.

. Beveled edge solid inert flares, which precessed much worse at any
weight.
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. Clay pigeons thrown from the cliff, which glided straight for long
periods of time.

Correlation with downward launches at Hurricane Mesa and clay pigeons
at the trap range appears to be dependent on the magnitudes for the non-
linearities of the parameters. Qualitative correlation with the trajectory
computer program is considered good with respect to the shape of the
curves and the validity of the nutation (wobble) suppression assumption.

The preliminary conclusions that may be drawn regarding design criteria
for negligible, or acceptable, precession of ordnance items utilizing the
frisbee principle may be extremely difficult to meet.

The required configuratiori is not yet apparent. It will require additional
aerodynamic data to define whether a desired or practical configuration for
a given application will provide sufficient orientation stability.

The present equations and available data indicate, however, that the
configuration should be a thick disk (or short cylinder) with relatively
blunt symmetrical corners for arbitrary launch conditions, or a domed/
cupped configuration on the order of a solid or half-solid clay pigeon.

b. Stability and Precessional Criteria Defined - As usually defined,

dynamic stability requires that angular rates and linear velocities will

return to equilibrium when disturbed, with some exponential envelope.

This does not necessarily (or even usually) mean that attitude or position

will return to their original values. This definition of dynamic stability is
that used in this study. The precessional criteria referred to in this present
repori are especially defined to represent constraints to prevent changes

in attitude and rates under forcing functions which act to change the equilib-
rium conditions for a dynamically stable body. As indicated in section IV. A. 1,
a precession is herein defined to be the steady gyroscopic rotation of a
spinning body under the applied torques.
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It must be noted that both the stability criteria and the precession criteria
must be satisfied to obtain straight flight. Satisfaction of the stability
criteria is the necessary, but not wholly sufficient, condition that small
disturbances will not grow. However, the problem is that the response of
a disk that is dynamically stable, as usually defined, to an initial angle of
attack (produced by pitch from horizontal or by the trajectory slope, to an
overturning moment due to asymmetry (camber), or to trajectory curvature
under gravity) is to steadily precess its spin axis and lift vector out of the
vertical plane and, thus, to turn the trajectory.

Thus, one must strive to minimize the response to these forcing-functions
in addition to providing stability in the usual sense. The most cbvious
trivial solution for arbitrary forcing functions is to have the center of
pressure on the center of gravity, the next, to provide overwhelming
gyroscopic momentum, but they may or may not be obtainable.

C. Stability and Precessional Criteria for Level Launch - The flare
equations of motion in Appendix B, transformed to velocity axes which are

parallel or perpendicular to the velocity vector, were linearized with respect

to a steady-state planar trajectory. They were solved for stability roots of
the characteristic equatioa and for response of the roll angle of the lift
vector and of the angle of attack to initial conditions, trajectory curvature,
and acrodynamic asymmetries by use of the La Place transform technique.

The stability roots may be easily separated into two modes, the high
frequency nutation and the low-frequency undulation modes. The high
frequency nutation mode, corresponding to the nutation of projectiles and
Magnus rotors is always oscillatory if gyroscopic stabilization has been
satisfied. The undulation mode, however, usually degenerates into two
aperioidc submodes, one of which could still be called the undulation mode
and the other the precession mode. Undulation is dominant in magnitude
of the root, while the precessional root approaches zero, or pure

precession.
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The dynamic stability criteria for these modes represent the inequality con-
straints that must be met to insure that the stability roots are at least
neutral (i. e., zero), or preferably damped (i. e., negative). The nutation
damping criterion, the nutation frequency, and the undulation damping
criterion obtained turn out to be identical to those for a Magnus rotor in a
steady glide with spin axis horizontal. The criterion for gyroscopic stability
is identical to that for a spinning projectile.

The amplitude of the nutational mode response of a stable prespun disk to

the forcing functions of concern was negligible and, therefore, was suppressed
in the results and in the computer program. The damping exponent of the
undulation submode dominates the response.

For arbitrary elevation of the initial velocity vector the linearized
equations yielded undulation-precession roots which appeared to be quite
slow convergences or divergences depending on the magnitudes and signs
of the trajectory parameters. This variation makes general analytical
solutions difficult to obtain and interpret, let alone to describe and/or to

present criteria.

The troublesome terms are zero or negligible for level launch flight paths,
however, so that quite simple expressions were obtained for the roll rate in
a region near enough to a level launch flight path for linearity to apply.

These level launch equations were simplified into the combined precession
constraint equations for initial roll and pitch and steady-state angle of
attack and velocity of Table 2. If these constraints are satisfied simultane-
ously, steady-state roll rate will be zero and the roll attitude will be less
than some arbitrary maximum value,

Basically, the simultaneous satisfaction, which could constitute a juggling
act, requires that the velocity be such after a short transient, the lift will
equal the weight at the angle of attack for neutral overturning moment and
the initial pitch and roll attitude be such that after the transient, residual
roll is some acceptable low value and the velocity will be constant.

{0



Table 2. Linear Criteria for Negligible Precession from
Level Launch

ROLL PRECESSION RATE

andif 0 = P +a

where a = w 21 +a nd, V 2 = 2y Go
wIE C Vv, oL 3% Vgg = C,
2 a )

where CD and C A etc., are obtained ata __.

op

ROLL PRECESSION ORIENTATION

a

+ |&
() (md) CL -4(,‘!' ,max.
where a,. =0

o o~ Yo

for level launch v, =0

!
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These criteria were derived from the more general steady-state roll-pitch
equations in Table 3 which are, in turn, based on the undulation/precession
response equations and lumped coefficient definitions of Table 4. The
glossary for these tables is presented in Table 5.

Table € shows the dynamic stability criteria applicable to the level launch
case. These criteria for undulation and nutation mode dynamic stability and
the necessary gyroscopic stability also apply to other trajectory conditions
but would in those cases be supplemented by additional trajectory-dependent
criteria which are not available for presentation. The stability ani response
equations should be extende:: ‘o these other conditions at the earliest

opportunity.

Some numerical examples of equilbrium glide trajectory parameters based
on the exact equations and the nonlinear aerodynamic data have been shown
in Table 1 for typical configurations. The corresponding initial roll orienta-
tions required by the linear criteria of Table 2 are also shown in Table 1
under the simplifying assumptions that launch occurred near the equilibrium
glide velocity and that the peripheral speed ratio was approximately 0. 8 for
all cases. Naturally, where the roll angle predicted by linear theory and the
velocity change exceeds the usual bounds of linear theory, the required
launch conditions in both roll and pitch would require an iterative numerical
solution of the nonlinear equations.

d. Application of the Criteria to Frisbees and Clay Pigeons - Satisfaction
of the precessional criteria represents simultaneous satisfaction of a
relatively precarious simultaneous conditional equilibrium condition or
coming close enough that the error from equilibrium causes an acceptably
slow divergence from a straight flight. This is apparently where athletic
skill comes into the picture for frisbees. However, the aerodynamic and
inertia characteristics of the frisbee make it relatively easy to satisfy

these simultaneous requirements for a frisbee or clay pigeon and difficult

for a heavy disk.
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Table 3. Linear Criteria for Steady-State Precession from Level Launch

ROLL PRECESSION RATE

b M LlL(a _ =-a )
b lmb = | 2oL .g/v
B8 t 2w " ( O."Lma.

ROLL PRECESSION ORIENTATION

M ‘ ;
= 1li = & ' - s t
s :1:::6 bWt ow AT AN L'y Cop oL {;)
' (o - -
_[(a . L“Lf’p- gL) g/ ]
o op a "L ga

PITCH ORIENTATION

6SS = 90

ANGLE OF ATTACK

-93-




Table 4. Quasi-Steady Response Equations for Level Launch

INSTANTANEOUS ROLL RATE
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Table 5. Glossary for Stability/Precession Criteria

N o L COEFRICIENT PERPENDIC
L 7 v:l.ocnv VECTOR, POSITVE
V2 psv
T
Sl = T ROLLING MOMENT COEFFICIENT, POSITIVE TO RIGHT.
29
Cw * — PITCHING MOMENT COEFFICIENT.
y2psvée
€, " b SLOPE OF LIFT COEFFICIENT CURVE MADIANS).
.
[ SLOPE OF PITCHING MOMENT CURVES.
L2 a
€y €yt 9] PITCH ANO ROLLING DAMPING COEFFICIENTS,
LT I
E
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v
N
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Table 6.

Level Launch

Linear Criteria for Dynamic Stability for

A spinning disk will be dynamically stable if:

(a)

()

(c)

p—

a

c,

wa

Ly = 53 it

2 Is /md

<0

Undulation Damping

Nutation Damping

Nutation Gyrosccvic
Stability.
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A key feature, as could be expected. is the curvature or camber of the thin
disk. Thin flat disks are aerodynamically unstable edge-on and the natural
tendency is to overturn to the broadside orientation. The curvature causes
the moment to be a tuck-under pitching moment at low angles of attack and
overturning at higher angle of attack, with equilibrium at a finite angle of
attack. This equilibrium angle for zero pitching moment (a'op in the
equations) is on the order of 10 degrees.

The disk is still aerodynamically unstable about this shifted equilibrium
point so that gyroscopic momentum due to spin is needed for stability.
Available data do not show significant effect of the spin on the aerodynamics
themselves. Under the right-hand rule, the gyroscopic reaction at low
angles of attack would be a roll to the right. This helps explain the rollout
of a frisbee tossed on-edge. At higher angles, the gyroscopic reaction
would be a roll to the left. This shift helps permit out-smarting the
gyroscopic right hand rule.

For the available data, this roll is +1 degree if the initial angle of attack
were t4 degrees from the neutral value. Because of the light weight of the
frisbee, it is possible to make the lift equal the weight at the angle of attack
for zero pitching moment. If the lift equals the weight, the trajectory
curvature will be zero and the angle of attack will not change from this
equilibrium. If launched at a lower angle of attack, the frisbee will drop
until the lift equals the weight. If the proper initial tilt to the left is used,
some of which occurs naturally from the weight, the roll to the right during
the transient will bring it up level. If thrown at a higher angle of attack,
the flight path will climb until satisfied and it would roll to the left. If the
angle of attack when lift equals weight is the rotational equilibrium angle,
the transition right or left roll will stop.

The velocity at which the lift equals the weight at the equilibrium angle of

attack ie between 20 - 25 feet per second for the available wind tunnel data
and corr--nonds to noninstrumented observations of actual flights. After
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the initial transient to this steady-state condition as the velocity decays due
to air drag, the path will curve downward, the angle of attack will depart
from the equilibrium point and peeloff occurs. It should be apparent that

if the toss is such that the precession criteria are met on a downward glide-°
path which will also maintain constant velocity (the tangential gravity
component equals drag) the peeloff will be delayed until spin decay or other
disturbances (such as hitting the ground or a wall) intervene.

For long term straight flight, the combination of initial orientation and
velocity has to be such that when the lift/weight force equilibrium is reached
(as quickly as possible) the angle of attack is that for rotational equilibrium,
the roll orientation is negligible, and the velocity is in equilibrium.

For the frisbee on level ground, the velocity equilibrium is not too critical
because the decay is slow relative to the desired flight time. For a clay
pigeon on a trap range, the time is also apparently too short for significant
observable peeloff to occur since there is definite trajectory curvature.
The principle was validated with clay pigeons tossed with edges slightly
downward off the cliff at Hurricane Mesa. They quickly reached stable
equilibrium in both attitude and velocity and flew straight with wings level
for significant times, changing direction primarily with wind shifts.

e. Application of Criteria to Self-Suspended Flares - It is relatively

easy to meet the precessional criteria with a fristee because the light
weight makes it easy to rapidly obtain equilibrium between lift and weight
and the flight time prevents visible buildup of near misses on orientation.
For an air-launched heavy disk with finite flight time, achievement of the
equilibrium is more difficult.bec;use of the possible wider difference
between launch and equilibrium and a possible discrepancy between lift
equilibrium and moment equilibrium. The transition phase could also
cause excessive roll excursion even if a satisfactory equilibrium condition

exists.
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The more solid and/or symmetrical, the smaller the angle for rotational
equilibrium, but the heavier, the larger the angle required for lift
equilibrium,

As may be shown, the precessional criteria involve a combination of:
pitching moment characteristics, gyroscopic stabilization through spin,
and flight conditions. Thus, alternate approaches could be pursued.

(1) Brute Force Mode -~ If gyroscopics can be used to overwhelm
aerodynamic characteristics, then flight conditions would not be critical.
This brute force approach would involve development of a shape whose
aerodynamic moments are negligible over the angle of attack region
anticipated with arbitrary launch attitude compared to the gyroscopic
momentum achievable with practical spin rates and mass distributions.
Thicker cylinders approaching 2:1 or 1:1 diameter-to-thickness ratios
appear to be a possible means for achieving neutral pitching moments,
at least at small angles of attack. Our measurements of the 4:1 cylinder
showed a trend in this direction. There would have to be careful juggling
to insure that the Magnus moments that are apt to be generated by the edges
of the thicker disks would not be detrimental.

(2) Frisbee Mode - The other alternate would, of course, be to
provide a configuration and delivery scheme completely analogous to frisbee
delivery. Thus, the configuration would be domed and preferably cupped
and the launch orientation would be near that nose down attitude required
for equilibrium glidc at the rotational equilibrium condition, rolled to
compensate for the transition from launch (see Table 1).

Another interesting approach represents a combination of the proceding
approaches to the aerodynamic and launch to glide transition problem.
Rather than a shift of otherwise linear moments through camber (doming/
cupping), a symmetrical cylinder which has a neutral pitching moment over
a significant + range sufficient to provide lift equilibrium might be launched

-939.




—

in the glide orientation with negligible precession during transition and the
angle would not be critical as long as it was within the neutral zone.

The 4:1 cylinder data approaches this, but the deviations from neutrality
appear to still be too great and the angular region of near neutrality is
not quite great enough for expected launch condition.

3. Configuration Aerodynamic Characteristics

The configuration synthesis aerodynamic definition process constituted an
iterative procedure which is not yet complete. These studies started with
identification of the three basic configurations based on inputs from the
customer and the origins of the concept. The tools used included literature
searches for available data, estimates based on available data, nonspinning
and spinning wind tunnel tests, flow theory, observation of flight tests,
computer simulation of trajectories and all the other "tricks'" of the
aerodynamicists trade, including omphaloskepsis and engineering judgment.
From this evolved prediction of aerodynamic characteristics for configura-
tions tested and new generations to be tested.

The basic configurations used were an 8:1 diameter-to-thickness ratio right
circular cylinder with a small radius on the top corner, representing a
16-inch-diameter, 2-inch-thick, 60-second burning flare that was an inter-
im design goal, with four levels of flare cavity, and called the baseline
flare; a frisbee-like configuration with two cavity levels, hollow and solid;
and a solid and hollow clay pigeon. To this was later added a solid 4:1
cylinder, with a small radius on the top corner, which corresponds to the

8 inch diameter, 2-inch-thick live flare launched at Hurricane Mesa. The
data obtained on these slopes were interpolated for 8:1, 6:1, and 4:1
symmetrical and beveled inert flares and extrapolated for thicker bodies.

a. Configuration Aerodynamic Data = The results of the wind tunnel
tests of the hollow models of the three basic configurations are typified
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by the pitching moment coefficient plot of Figure 42, These domed clay
pigeon and frisbee configurations display similar linear increases until a
stall point or flow separation is reached and display a similar shift of the
point of neutral aerodynamic moment to 12 - 13 degrees of angle of attack due
the asymmetry. This effect could be expected from the theory of cambered
thin airfoils. A similar rise to a stall point is displayed by the normal
force coefficients, Cy in Figure 43, The baseline cylindrical flare
virtually eliminates the linear region and sharp stall at finite angle of
attack in both these figures because the bluff contours undoubtedly cause
earlier flow separation and early stall. The corresponding axial force
coefficient, C A’ parallel to the disk is shown in Figure 44. These coeffi-
cients were defined previously in section IV. A. 3.

Similar trends are shown in the results for solid shapes with varying degrees
of contouring or thickness corresponding to launch configurations of the

flare prior to ignition. The pitching moment coefficient is shown in Figure
45, the normal force coefficient in Figure 46, and the axial force coefficient

in Figure 47.

These data show both the original 8:1 diameter-to-thickness ratio baseline
cylinder and the 4:1 cylinder tested on the spin fixture. In both cases,

the cylinders had an approximately 0.1 inch (full-scale) upper corner
radius and square lower corner similar to the prototype live flares. This
introduces a slight asymmetry into the data at small angles of attack, which
was suppressed for computer simulation of the symmetrical dummy flares
launched at Hurricane Mesa;

Figure 45 gives a combined indication of the effects of thickness and corner
radius on the pitching moment coefficient which appear to dominate in the
region below 45 degrees angle of attack. Aside from the aforementioned
suppression of stall, there is a much less pronounced effect on normal force
(Figure 46). As a matter of fact, there is not much departure from the
often used crude sine wave first approximation corresponding to the normal
component of drag due to uniform pressure on an inclined plate.
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b. Thickness Effects = Examination of the solid configuration data and
the available literature leads to the impression of a trend towards reduction
of the overturning moment at small angles of attack as the effective leading
edge thickness increases. We know from Magnus rotor work that longer
cylinders, with a diameter-to-thickness ratio of approximately 1:2, have
relatively strong restoring moments. The crossover between overturning
and restoring is near 1:1. In our case, not only is the slope at small
angles of concern but the average level over a + 30-40 degree region.

In order to obtain gliding flight, if that mode is desired, the drag should
not be much higher than the lift. None of the thicknesses considered seem
to be neutral enough over a large enough angle of attack range to permit
brute-force delivery in a horizontal orientation. The thicker the disk, the
more neutral the pitching moment with angle of attack, but the thicker the
disk, the steeper the trajectory and the higher the angle of attack. Thus,

it would appear that a 3:1 or possibly 2:1 diameter-to-thickness ratio is
likely to provide a desirable combination of stability and trajectory charac-
teristics for delivery as a disk when coupled with the ideal delivery
orientation, leading edge down.

c. Corner Radius Effects = The detailed effect of small corner radii
on basically cylindrical disks has not yet been completely isolated because
the radius used on only the top corner of the bodies tested introduced a
slight asymmetry into the data. This was arbitrarily faired through zero
for the symmetrical dummy flares which had abevel radius top and bottom.

The effect of & gross corner radius depends on whether it is symmetrical
or on the top surface only. On the basis of the frisbee, clay pigeon, discus,

(and lentricular body data obtained since completion of the work and analysis, )

it would appear to provide a region where the normal force and pitching
moment are linear with angle of attack. The extent of this region, or the
stall point where flow separates from the top surface, thus appears to be a
function of this radius and the effective leading edge thickness.
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The frisbee and clay pigeon had similar stall points but different basic
thicknesses and different apparent corner radii, but similar leading edge
thicknesses. Both of these were approximately half that of the 8:1 cylinder.
While the slopes of the curves were all similar, and the stall point and
depth of drop after the stall, if any, varied with corner radius, the dominant
effect observed was the shift of the point of zero moment for the non-
symmetrical bodies. An increase in effective camber, by imposing an
ever increasing nose-down couple on the linearly increasing overturning
moment due to the lift force, increases the angle of attack at which the
moments balance. This could be true only up to a point since the clay
pigeon has more camber than the frisbee and a higher equilibrium angle,
but the cylinder's abrupt change in camber gives a different, nonlinear
effect from this idealized airfoil model.

The optimum corner radius has yet to be identified, and as this discussion
should have implied, would depend on whether one wants to obtain a maximum
nonlinear region of neutral moment with 1 symmetrical body or desires to
exploit the more precarious discrete neutral moment point, with its associated
finite moment at zero angle of attack of the unsymmetrical configurations.

A proposed future wind tunnel study to explore the effects of corner radii
and their interaction with thickness is described in section IV. B. 3. j.

d. Spin Effects = The spinning model wind tunnel tests tended to confirm
the initial impression that the pitching moment and lift would not themselves
be affected by the spin, but that the predominant effect would be the pro-
vision of gyroscopic stiffness, with small or insignificant Magnus rolling

moment.

The test data are cross plotted in Figure 48 for the pitching moment coeffi-
cient and rolling moment versus the dimensionless spin rate scaling param-
eter, wd/2V, (the peripheral speed ratio Vr/ V) at typical values of angle of
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attack. The variations in the data up to the maximum peripheral speed
ratio attainable with the present turbine were within the scatter on the
data itself. It was concluded that the effect was negligible.

This Vr/ V of 0. 6 corresponds to spin rate of 1800 rpm at 100 feet per
second, 3600 rpm at 200 feet per second, and 9000 rpm at 500 feet per
second for an 8 inch flare. Larger flares or slower speeds would reach
this 0. 6 value at lower velocities.

While the rolling moment, Cl' at first glance appears to show some effect
of spin, no quantitative use can be made of the data for several reasons.

It is well within the scatter for the balance used on the expanded scale
plotted in Figure 48 and is completely overwhelmed by the transfer of the
normal force acting near the center to the laterally offset roll balance
strain gage location. This, in turn, necessitated a use of a balance with a
high full scale capacity for the roll gage, thus reducing its sensitivity to
the minute roll torques.

While not providing usable plots of magnus moment as a function of angle of

attack and spin rate, the results should bracket it as being less than the

tolerance on the roll gage, 1/4 percent of full scale of £+ 25 inch-pounds. |
In terms of the computer program which currently computes the Magnus

moment coefficient as a constant fraction of the pitching moment, this is

less than 1/8 percent of full scale pitching moment of + 50 inch-pounds.

Ratios of under 10 percent at peripheral speed ratios of 1. 0, (C1 = -1 CM)
w

did not seem to significantly effect the computed trajectories. Ten percent
might be visualized physically as rotating the normal force center of
pressure 5, 73 degrees to the right of the aerodynamic plane. This requires
a considerably more significant effect on the force picture than normally |
observed on projectiles or predicted theoretically during initial stages of
this project. Therefore, the results appear to have been adequate for the

work to date,
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It is also recognized from our Magnus rotor work that finite length cylinders
(1:1, 1:2) have finite Magnus moments with Scale factors on the order of 50
percent of the restoring (pitching) moments for the 1:2, and different non-
linearities. For one with neutral pitching moment, the scale factor would
approach infinity. Therefore, the Magnus moment should receive more
serious attention if thicker disks are studied in the future.

The balance had to be ofrset in order to put the pitch measurements center
on the pitch axis to provide the sensitivity needed to measure any differences
in pitching moment due to spin, while still allowing room for the bearings
and shaft and spin turbine (see Figure 19).

The only solutions apparent would be a separate balance on the centered
roll axis with drastically reduced scale or a specially built Z shaped
balance with the pitch strain gages at the pitch axis as now and the roll
strain gages on the centered roll axis. The existing and available standard
balances did not have the required ranges.

Existing Magnus balances at other facilities were designed for projectiles
with a different orientation of sensitive axes. The problem in all such
balances would be even worse here because of the large normal forces on
such a disk. That common problem is providing sufficient stiffness in one
axis to withstand the high loads and sufficient weakness in the other to
permit sensing the Magnus loads while preventing cross-coupling of the
high loads into the more sensitive sensor and structure. It should be
obvious that such a special balance would be expensive, but it should be
tried someday if sufficient funds are available.

Development of hardware and software to extract the Magnus data from
3-degree-of-freedom dynamic test data could also be complex and
expensive, since this body has a different axis orientation, and inter-
ference effects from the support could be significant.
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e. Combustion Effects = A preliminary anaiysis of the effect of the
combustion wake on the aerodynamic characteristics was performed, based
on preliminary estimates of burning pressures and temperatures obtained
from NAD/Crane prior to the manifestation of sufficient pressure to
generate finite thrust.

This simplified analysis is presented in Appendix A.

The conclusion was reached that the effect of the flare plume on the aero-
dynamic characteristics will be negligible if thrust is negligible. Extension
of this cursory analysis to more adequately account for the actual combus-
tion behavior would in itself appear to be a major research task for a
combustion research laboratory, and outside the scope of anticipated near-
term developmental efforts.

If the actual combustion effects do place the pressures/forces outside the
state of the art of analytical prediction, then the only recourse is to
relatively arbitrary assumptions for analytical flight mechanics studies
and to free-flight testing for definition or verification of the required
assumptions. As indicated in the next subsection on cavity effects, a
recommended interim arbitrary assumption would be that the aerodynamic
forces and moments are the same as the corresponding solid body, with
thrust added as indicated by the burning characteristics or laboratory
measurements.

f. Cavity Effects -+ The measured effects of the variable cavity in the
8:1 baseline cylindrical flare wind tunnel model are shown in Figure 49
for the pitching moment. The variation here is very erratic and did not
lend itself to a specific or generalized model for interpolation. It was
noted. of course, that very little change occurred until the cavity radius
exceeded 65 percent of the body radius. Then the most significant
variation occurred between this condition and the hollow condition. This
apparent insensitivity to cavity until virtually hollow was even more pro-

nounced on the normal force and axial force coefficients (Figures 50 and 51).
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Even though the overturning moment for this 8:1 cylinder, and the anticipated
precession, was reduced compared to the clay pigeon and frisbee it still
appeared to be excessive in computer simulations.

The testing and study has more recently concentrated on thicker solid
configurations in a search for a configuration which would be stable during
the indefinite period between launch and ignition, before extending the study
of cavity burning effects. There is not yet verification that such a con-
figuration and associated delivery technique has been achieved, and the burn-
ing pressures are presently higher than anticipated and desired. Therefore,
no attempt has been made to estirnate the effects of the burning cavity on the
4:1 cylinder data or on the 6:1 deta interpolated between the solid 8:1 and

4:1 data nor to extrapolate for thicker configurations.

The available data on cavity effects did not reveal discernible trends upon
which to base a standardized interpolation/prediction model. Therefore,
the computer program is configured to accept the primary aero coefficients
as measured or estimated curves for four different cavity radii or to
ignore the cavity change completely by accepting only one curve. In view
of the present and anticipated state of knowledge of the high pressure plume
effects and the fact that the 8:1 cylindrical configuration for which cavity
data are available is not presently recommended for tactical application,
the recommended interim approach would be to use one curve and ignore
the changes during burning.

As could be observed by comparing Figures 42 through 44 and 45 through
47, the basic form of the coefficients for the clay pigeon and frisbee is
similar whether in the normal hollow or the flare/ordnance oriented solid
condition. In both cases, filling in the bottom raises the level and slope

of the overturning moment and reduces the angles for neutral overturning
moment. It slightly increases the normal force level of the clay pigeon
while decreasing that of the frisbee. While no data were obtained for inter-
mediate cavities, the implication is that a partially hollow base may be
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beneficial in tailoring the pitching moment asymmetry. Such a lip, if
shallow enough, could be designed for nesting so as to maximize the
packing density while filling the center dome with payload material. A
plan for exploring partially cupped configurations in the wind tunnel is
discussed in section IV, B, 3. j.

g. Aerodynamic Damping -~ The aerodynamic pitch damping measured
in the wind tunnel for the solid and hollow frisbee and 8:1 cylinder con-
figuration is shown in Figure 52, The tests were conducted with non-

spinning models on a spring restrained side-mount. The interpretation
made by the wind tunnel personnel was that the damping coefficients were
very small based on their experience with conventional and unconventional
bodies. The presence of some positive values which were also observed
visually as amplitude buildups may be attributed to hysterisis-like flow

. separation, which has been observed for thin and/or sharp edged disks
and is the cause of autorotation of thin nonspinning disks and plates. This
effect [ which would have undamped the high frequency nutations (wobble)]
was not preceptible on any of the flight tests conducted to date. As a
matter of fact, the small wobble induced by the launches appeared to damp
out fairly rapidly even though quantitative data on decay were not obtained.
Thus, the spin either prevents this phenomenon from occurring aero-
dynamically or resists it gyroscopically.

The results of the trajectory program were insensitive to the magnitude of
the aerodynamic damping.

h. Idealized Aerodynamic Requirements/Alternate Configurations = The

computer simulations and linearized analysis indicate that delivery in a
manner somewhat analogous to that of the frisbee could require launching
at a spin stabilized orientation correspondiné to that which it would have in
steady glide, front edge 15-20 degrees downward. The glide angle of attack
would be on the order of 20-30 degrees positive required to support the
weight. At this glide angle, the pitching moment would have to be zero to
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prevent precession. As previously discussed, the frisb¢e possesses a point
of neutral moment at ar angle sufficient to support the weight.

But if launched from an airplane in level flight, this edge downward orientation
of the disk would correspond to a large negative initial ahgle of attack. With

a displaced linear moment characteristic or the finite nonlinear curves
observed so far, the area under the curve between launch and glide angle of
attack would seem to provide an excessive precession transient. One brute-
force approach to this would be to specify that the pitching moment be
negligible for all + angles of attack encompassing steady glide and launch.
Naturally, it would seem to be desirable to have it negligible at all angles of
attack. Such an idealized moment curve with a large neutral zone is sketched

in Figure 53.

The observed effects of thickness indicated in Figure 45a trend in this direc-
tion for the cylindrical flare as the diameter-to-thickness ratio decreased
from 8:1 to 4:1. Some published data have indicated that the slope of the
pitching moment versus angle of attack may he zero, at least at zero

angle of attack, for ratio of 1:1, but such a shape would not stay near
zero long, and the Magnus rolling moment and side force would undoubtedly
become significant.

It is hopeful that an acceptable combination of pitching and magnus charac-
teristics will be obtainable in the 3:1 to 2:1 category.

If not, and thicker disks (becoming cylinders) are indicated, one might as
well deliberately desigr. it as a Magnus (''flettner'') rotor with the spin axis
horizontal and flame out both ends. The glide descent angle would be quite
steep for a 1:1 rotor. The glide velocity would be less than 150 feet per
second for a 5 pound flare with the same volume as the 8 inch diameter,

2 inch thick prototype tested at Hurricane Mesa, decreasing as mass was
lost in a manner similar to that described for the disks. A 1:2 Magnus
rotor would have a glide velocity less than 160 feet per second and a possibly
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shallower glide. Prespin would heli) insure the desired orientation, while
unspun cylinders with spinup ribs would have a random direction and orienta-
tion transient. Prespin with the bottom edge retreating would tend to make
it fly rearward and the opposite, forward, depending on the tactical mission.

Another approach to generation of the desired neutral overturning moment
characteristics was inspired by another frisbee variation toy which has
appeared since the start of the project and since it was indicated that the
flare would be a bottom-burning cup instead of a top and bottom burning
annulus. This ring-shaped toy appears to be more stable when thrown in
the frisbee mode than the more conventional frisbee-like devices. This
could be attributed to a more neutral overturning moment for this "tandem
airfoil" arrangement. The rear surface would be generating a lift counter-
acting the overturning moment of the lift of the forward surface, whereas
on a disk or conventional frisbee-type the net lift force acts forward of the
center. Such an effect might be possible if the burning pressures permit
airflow through the cavity to reach the rear portion of the annulus.

As a matter of fact, the measured slope of the frisbee moment with angle of
attack corresponds to a center of pressure location about 40 percent of the
diameter aft of the leading edge or 20 percent of the radius forward of the
center of gravity, while the standard figure for a thin two-dimensional air-
foil is 25 percent aft of the leading edge and was reflected in our early
estimates of this disk.

If the rollup to glide that can be obtained for a frisbee tossed on edge,

tilted to the left in a near vertical plane, and tentatively observed for light
sabots in another project can be extrapolated to this dense body, then the
desired configuration would appear to be a domed and possibly cupped body.
It would resemble a smooth, almost solid clay pigeon or a thick, almost
solid frisbee. This is because the observed frisbee roll up is attributed

to the nose down pitching moment at the small initial angle of attack, below
the equilibrium angle, which gyroscopically induces a right hand tilt pre-
cession toward wings level.
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i. Wind Tunnel Model Configurations —= Drawings of the wind tunnel
models used are shown in Figures 54 - 57. The frisbee and clay pigeon
models were tested either hollow at normal wall-thickness or solid by the
use of plugs. The 8:1 cylinder used nesting plugs to provide the cavity radii,
covering the range from solid, rc/ r = 0, intermediate stages, rc/r = 0. 25
and rc/r = 0. 65, to hollow, r c/r = 0. 95. In the interest of simulating the
averaging of the star shaped grain which would come in spinning flight, the
cavities were circular and assumed to represent the average annulus
cori'esponding to the star shaped grain.

The 4:1 model tested on the spinning rig was tested only in the solid condition.
The model design support system does lend itself to moderate cupping of the
bottom face and to moderate radiusing of the upper and lower corners. A
proposed series of such tests to explore parametrically the effects of cor-
ner radii and cavities within the bounds permitted by the model is shown in

the following subsection.

A scheme for accurate measurements on a spinning hollow model has not
yet been devised. As a matter of fact, the presence of the side-sting
mounting block could very likely have introduced interference effects into
the nonspinning hollow model data obtained.

Je Recommended Extension of Present Wind Tunnel Test Data - While
it is recognized that Magnus effects due to spin could become more sig-
nificant for the thicker shapes under consideration, their measurement
would require development of special equipment and/or data reduction
techniques. It was therefore concluded that the most expeditious approach
to both screening gross configuration modifications for further study and
isolating some of the finer interacting effects of present configurations
would be to use the present 4:1 spinning model in a predominantly non-
spinning mode to explore these effects systematically.

A preliminary plan for such an exploration is presented in Table 7, cate-
gorized by purpose and priority.
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Table 7.

Interim Wind Tunnel Test Plan for Follow-On Studies

A. CORNER RADIUS AND BOTTOM LIP VARIATION (BASIC 4:1 MODEL)
1. TOP CORNER
3. PRESENT
b, SAME R AS 8:1 IF > PRESENT
c.  1/2 INCH RADWS
2. TOP AND BOTTOM
2.  SAME AS PRESENT
b. SAME R AS 8:1 IF > PRESENT
¢.  1/2 INCH RADIUS
3. LIP ON BOTTOM

a. REMOVE BOTTOM SECTION AND ADD LIP SO THAT 4:1 THICKNESS
RETIO 1S MAINTAINED.

b. LEAVE BOTTOM SECTION ON BASIC MODEL AND ADD LIP SO THAT
THE ASSEMBLY HAS A 2:1 THICKNESS RATIO.

B. THICKNESS RATIO VARIATION (TWO CORNER RAD!I DETERMINED BY A

1. 61l
2. 4:1 (FROM A
3. 21

C. VARIABLE CAVITY MODELS - ARBITRARY SHAPES AND SIZES.

/ THREE TOPS

TWO BOTTOM DEPTHS
WITH PLUGS

1. TOP CORNER RADIUS AND THICKNESS
a. TWO BEST DETERMINED BY A AND B,
b.  LARGER RADIUS ON TOP (APPROACHING CLAY PIGEON SHAPE),

2. CAVITY DEPTH AND RADII TWO CAVITY DEPTHS (TWO DIFFERENT h o)
WITH ONE PLUG FOR EACH BOTTOM,

TESTAT M =0.2 =

G RANGE NUMBER OF CONFIGURATIONS
A. -10 TO 40 DEGREES 7
-10 TO 40 NEGREES 4
=10 TO 90 DEGREES 12
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4, Free-Flight Testing

Formal free-flight testing as such was not the direct responsibility of the
aerodynamics contractor in the Self-Suspended Flare project, but the
contractor participated in planning, instrumenting, observing and inter-
preting the tests at Hurricane Mesa in November 1969, with respect to
flight behavior and aerodynamic characteristics, and was made responsible
for data reduction. This participation was expanded with respect to original
plans in an attempt to maximize the aerodynamic data obtained from the test
series. The tests were originally planned for inert flare trajectory and live

flare trajectory and illumination tests.

In addition to these formal instrumented tests at Hurricane Mesa, limited
informal flight testing of clay pigeons and frisbees was also conducted in
conjunction with the Hurricane Mesa tests.

Free-flight testing for a completly unrelated project at the site at Hurricane
Mesa and in Minnesota also gave some interesting insight into the problem
because of the observed apparent gliding flight of some of the light weight
disks used for sabots in that project.

The Hurricane Mesa tests tended to validate the math models developed and
gave valuable insight into problem areas, but in themselves neither estab-
lished feasibility of the concept nor yielded quantitative aerodynamic data.

a. Hurricane Mesa Tests = A log of the configurations tested at Hurricane
Mesa in November 1969 for the 48 official launches is shown in Table 8.
Almost 5000 feet of film plus numerous still negatives were obtained. This
table indicates the purpose of each test number and gives brief remarks

on the observed flight behavior. The remark '"OK" means that the orienta-
tion appeared to be level and the trajectory as expected.
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Table 8.

Self-Suspended Flare Test Configuration

Log

Test FLARE DaNETER Elr. | Thpess vkegss”lf);:z mggﬁ . PURPOSE REMARKS
-5 mA 12 12 2 200 0 BLW CHECKS
o NA 12 12 2 200 0 STANDARD INERTS FELL SHORT
7 NA 12 12 2 200 0 STANDARD INERTS FELL SHORT
' N/A 12 12 2 200 0 STANDARD INERTS ok .
9 N/A 12 12 2 200 0 STANDARD INERTS oK
10 NA e s 2 00 ° STANDARD INERTS oK
n N/A s s 2 200 0 STANDARD INERTS oK
12 /A s s 2 200 0 STANDARD INERTS oK
13 wA s 5 2 200 0 STANDARD INERTS oK
14 Wl 12 35 1312 160 0 SPZCIAL - TWO LAYERS WOOD | PEELED OFF TO LEFT.
1 Hea 12 7.2 1.39 180 ) SPECIAL - TWO LAYERS 00D | SLOWER PEEL OFF-STOPPED
#OLL AND GLIDED.
16 He3 12 35 1.2 160 16.5 SPLCIAL - TILT DOWN ROLLED ON EOGE.
V) H-2 12 35 1.187 260 16.5 SPECIAL - REPEAT OF TEST 16 | ROLLED ON EDGE.
18 STANDARD 12 12 2 200 17.5 COMPARE STANDARD WITH STRAIGHT
TESTS 16 AND 17
19 LVE L) s 2 200 17.5 LVE LEVELED OFF.
20 LWE s 5 2 200 ° LvE WENT STRAIGHT UP.
2 H-17 8 2.25 173 200 0 LIGHT B-INCH SPECIAL ROLLED OFF NEAR END.
2 H-18 s 3.7 1-15/16 200 ) MID 8-INCH SPECIAL CLOSE TO 8-INCH STANDARD.,
2 Lve 6 s 2 200 0 Lve DOWN AND STRAIGHT UP,
2 LvE s 5 2 200 0 Lve oup.
2.3 LIVE s 5 2 200 0 LvE OUD OR CLIMBED.
3-3% NA 12 12 2 200 0 REPEATS OF 12-4NCH TEST 35 1S SHORT OF OTHER.
STANDARD INERTS
» “-10 12 ? 114132 200 0 FRISBEE SPECIAL PELLED OFF,
38 H-13 12 1140 | 2 200 0 FRISBEE SPECIAL SOME ROLL.
3 H-19 12 1201 180 ° FRISBEE SPECIAL ROLLED ON EOGE.
“© H-11 12 9-5/8 2 180 0 FRISBEE SPECIAL CONTINUOUS PRECESS AND GLIDE.
a H-21 s 12 2 180 0 FRISBEE SPE7IAL CONTINUOUS PRECESS -
SOME PAUSE,
2 ) s vz 1.9 160 ° FRISBEE SPECIAL CONTINUOUS PRECESS.
) H-6 8 2 18 160 0 FRISBLE SPECIAL CONTINUOUS PRECESS.
“ H-22 8 s 2 160 16 STANDARD FLARE PITCHED NIL PRECESS
“ H-24 s 214 2 140 16 LIGHT CYLINDER SPECIAL SLOW PRECESS AND GLIDE.
4 H-9 s 2 1-3/4 140 1 FAISBEE SPECIAL PRECESS AND CONSIDERABLE
TRAVEL 70 LEFT,
a “-23 [} 14 140 ° LIGHT CYLINDER SPECIAL SOME PRECESS
“ NA ] s 2 200 016 QEGREE [ EFFECT OF ROLL OW STANOARD | wiL emEcESs 106 Fect

® HONEYWELL AND ORI RECORDS ARL REVERSED ON THE WEIGHT OF TESTS 38 AND 39,
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b, Hurricane Mesa Test Instrumentation = The photographic instrumenta-
tion arrangement at Hurricane Mesa is illustrated in Figure 58. The cquip-
ment was divided between the launch site, the nearby control site, and the
tracking site which was placed on another point of the mesa which gave full
view of the launch and impact area. The tracking site was 730 feet from

the launcher and the launcher was aimed perpendicular to the line joining
thelauncher and tracking camera. The tracking camera and launcher were
within inches of a level plane. The separate sites were illustrated in

Figures 11 through 15.

In addition to the launcher at the launch site, (also called boresight) there
was the boresight LoCam tracking camera with a 12-240 mm power zoom
lens above the launcher on a forklift, a test number board visible to the
tracking site cameras, and a launch signal flagh bulb, plus camera synchro-
nization and timing electronics. The power zoom motor was preprogrammed
and was synchronized with the launch signal.

Launch velocity was controlled by the pressurization level which had been
previously calibrated for the standard flares (50 feet per second and 1000
rpm for a 12 inch diameter, 12 pound inert flare and 75 feet per second

and 1500 rpm for an 8 inch, 5 pound inert flare at 200 psi). The launch
condition had been found to be quite repeatable. Calibration data were not
available for the field modified special units, but it was hoped to obtain
velocity from the tracking data. The launcher was released by a solenoid
on electrical signal from the launch control box, or could be fired manually.

Below the launch site on the sloping shoulder of the mesa was placed a grid
of 10 5-foot long poles with alternating 1-foot red and white stripes laid
horizontally at 1 degree intervals of line of sight depression from the bore-
sight station. These are barely discernible in the still photos, but were
visible to the color tracking cameras when they were in the field of view.
This grid was expected to provide adequate definition of flare position rela-
tive to the boresight camera, and the rugged terrain discouraged more
extensive arrangements. All earlier flights had shown virtually planar
trajectories (see Figure 59).
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The impact grid survey conducted from the boresight forklift was supplented
by Hasselblad still photos of the impact area and surrounding terrain
traversed by the flare.

At the conirol site, a safe distance from boresite on the edge of the cliff,

was located the launch control box which electronically controlled launch of
all flares and ignition of the live flares with programmed delays and provided
event pulses to the camera synchronization circuit and the flashbulb. The
launch countdown was transmitted by radio. ‘

At the tracking site there was a LoCam tracking camera with a 300 mm
telephoto lens mourted on a panhead with synchro pickoffs for azimuth and
elevation, a recording box which contained the azimuth and elevation read-
outs and the recording camera, a fixed aim Milliken panoramic motion
picture camera, and associated timing electronics. These were supple-
mented by a Hasselblad panoramic still camera for the live flare tests
and the terrain mapping. The focal length of the Milliken camera was
changed from 17 mm for the day shots to 10 mm for the night shots.

Figure 58 indicates the relationship of the respective camera lines of sight
and of the fixed field of view of the Milliken camera. On this figure,
nominal trajectory refers to the projection of the apparent trajectory as
seen from the tracking site onto the nominal ballistic vertical plane through
the launcher aim axis. If there¢ were no lateral deviation, the actual and
nominal trajectories would coincide. Because the cameras were aimed down-
ward and consequently inclined to this nominal plane, there was some slight
distortion of the trajectory images that was corrected for in the data reduc-

tion.

In addition to transit surveys of the site locations and the trajectory grid,
calibration procedures included checking the operation of the boresight
power zoom lens against dummy flares at measured distances. This was
found to be sufficiently repeatable such that one standard zoom lens
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calibration curve against time was used. This lens calibration curve of
focal length versus time which was used in conjunction with boresight
image size versus time (Figure 60) to determine slant range from bore-
sight to the flare, which, in turn, was required to convert image apparent

position to cross-range position.

The flashbulb at the launcher was intended to provide a launch signal in the
field of view of the cameras to backup the synch signals on the film mar/in
transmitted by cable. It was not always in the field of view of the zoon: lens,
however., The repeatability of the framing rate of the tracking cameras,
which were allowed to build up to speed during the countdown, not only pro-
vided a backup to the timing light signals on the film margin but greatly
simplified the subsequent data reduction. The semi-automatic film reading
equipment to be used could both count frames traversed and advance a

predetermined frame interval,

c. Typical Hurricane Mesa Results for Standard Inert Flares — The
planar trajectories obtained agreed fairly well with predictions for the
launch conditions, and the observed precessions tended to validate the
precessional computer programs. There was reasonable correlation with
the analytical criteria solutions, but the unrealistically rapid change in
‘angle of attack plus the velocity variations makes it difficult to correlate
such linearized analyses closely and makes it impossible to use these
linear solutions to extract the desired aerodynamic coefficients. A better
flight simulation would have required much higher launch velocities from a

sled or aircraft to keep the angles small.

While not successful in producing quantitative data, not too much was
expected, and these tests were quite valuable because they did provide
qualitative validation of the math models and insight into the dynamic
criteria, revealed problems in flare design, gave experience in field test-
ing and data collection, and led to experience in data reduction.
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A typical trajectory extracted from the flight test photographic data is
plotte‘d in Figure 61 for a standard 12 inch diameter, 12 pound dummy flare
(Shot 36). This figure indicates the errors present in the cross range data
extraction and reduction, but shows a generally planar motion as expected
and observed visually. The results agreed fairly well with computer pre-
dictions both before and after the tests (see Figure 62).

The dotted nominal line on Figure 61 represents the corrected projection
of the trajectory observed from the tracking site onto the nominal vertical
ballistic plane. Since there was little cross-range motion there is little
difference between it and the fitted actual computed with appropriate curve
fitting. For that matter, there is little difference from the uncorrected
raw data obtained from terrain matching in Figure 63. The primary
difference is the curve fit smoothing of the undulations in the raw data.
Since these undulations were observed in other cases, they may very likely
have been real rather than data errors. If real, they could be attributed
either to an energy interchange oscillation similar to the ''phugoid" mode
of aircraft or merely to the gustiness of the winds.

For Shot 36, good correlation was also obtained between terrain matching
of Milliken and/or tracking camera observations from the tracking site and
positions in the nominal plane computed from the azimuth and elevation
data recorded by the data camera from the tracking camera synchro
pickoffs at the tracking site. These redundant data were not always
available and still required cross-range matching and correction for non-
planar trajectories. It did serve to help validate the method eventually
adcpted for all shots that were reduced, however.

d. Typical Hurricane Mesa Results for Special Inert Flares - A typical
extremely nonplanar trajectory extracted (and partially extrapolated) from
the flight test photographic data is plotted in Figure 64 for Shot 45, which
was a special light weight (2 1/4 pounds), 8 inch diameter cylinder launched
16 degrees below the horizontal. The precessional motion demonstrated
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quickly took the boresight field of view out of view of the range grid, and
actually took the flare out of view of the tracking camera before impact.

The terrain matching profile from the tracking site was similar to that for

the standard flare. The fitted actual trajectories required some extrapolation
of the nominal plane trajectory to match the time to impact of the cross

range trajectory. Thus, the solid line actual in the figure departs from

the dotted line projection on the nominal plane. The plotted cross 1range
trajectory corresponds roughly to the qualitative observation of Talhle 8

for Shot 45~that the flare first precessed considerably to the left then
appeared to adopt a relatively steady glide in that new direction.

Attempts to extract meaningful values for the other trajectory parameters
for this case or to find a corresponding computer simulation were fruitless
within the time and data constraints.

e. Typical Flight Test Results for Live Flares - The trajectory of a
typical thrusting live flare is shown in Figure 65. This corresponds to the
still picture Figure 17. This trajectory was calculated from the data
camera readouts of the tracking camera line of sight from the tracking site,
assuming that the flare stayed in the nominal vertical plane, since

obviously there were no boresight data available. The trajectory of Figure
65 shows a rise higher than the photo of Figure 17 because the still camera
field of view cutoff at about 350 feet above the mesa, while the Milliken
motion pictures cutoff just slightly over 150 feet above the Mesa. The
fields of view had beer. selected to cover the intended downward trajectories.

Unfortunately for some reason, no quantative data were retrievable on the
tests of Figure 16, the only one for which the illumination data would have

been meaningful.

Figure 66 illustrates the available data on similar live shots (27 and 29)
obtained from the Milliken camera data, and compared to the corresponding
portion of Shot 32.
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The data extraction program being used was even less successful in extract-
ing valid trajectory parameters from these data because of the sharp corner,
the limited number of points, and the unknown weight and thrust. The shapes
do qualitatively match the results of constant thrust simulations performed
independently at the University of Denver and on the trajectory simulation
described in this report in section IV.B.1,

f. Flight Test Results on Spin Decay -~ The spin rate of the flare was
monitored in the inert flare tests by the boresite camera, and extracted by
counting revolutions. For the standard case (Shot 36), the spin rate was
very close to the calibrated value of 1000 rpm with scatter between 923

and 1000 rpm. During the available flight time at low velocity and high
angle of attack, there was no noticable decay upon which to base an estimate
of spin damping coefficient to use in predicting decay at full-scale velocities.
This lack of decay under these conditions does provide an indication that
actual spin decay will probably not be sufficient for a reliable SAF signature.

While the swirling plumes could very likely have provided spin rate data
on the live flares, which appeared to stay high, the generation of such
high thrust and the observed burned through spots most likely also con-
tribute spin torques which would have distorted the interpretation. Mass
flow from an effective thrust nozzle would contribute to damping if dis-

placed from the centerline.

g. Correlation of Flight Test and Predicted Results - Attempts to
extract aerodynamic coefficients from the photographic data were singularly
unsuccessful since it was difficult to obtain even position data for those
flares which departed significantly from the nominal ballistic plane. For
the planar case example (Shot 36) with a 12 pound, 12 inch dummy flare,
some approximate extraction was performed and compared to the most

representative computer simulation of the same flight condition.
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In Figure 27 the position correlation appears to be quite good at the 6. 4
second impact point. It is somewhat disconcerting to note, however, that
the computed trajectory departs considerably from the planar for flight
times much greater than that attainable at Hurricane Mesa.

As the number of numerical differentiations required to obtain the parameters
increased, the errors increased. Position resolution errors against the sky
background or launcher pressurization errors could have contributed to
discrepancies in velocity near launch.

h. Auxiliary Observations from Other Flight Tests - Some preliminary
indications of a possible approach solution to the flare configuration/delivery
problem was revealed by other tests at Hurricane Mesa (horizontal barrel)
and in Minnesota (elevated barrel) for an unrelated project. The tracking
camera was beside the gun. Sabots, each consisting of two 6 inch diameter,
2 inch thick disks (3:1 cylinders) of lightweight foam, were used in rectan-
gular barreled gas guns to impart a controlled forward velocity and angular
rate to a munition held between them. The axis of the angular rate was
horizontal and perpendicular to the disks.

In some tracking photos from the Hurricane Mesa, where maximum velocities
were 600-800 feet per second with level barrels, there were some observa-
tions that the sabots appeared to roll out and glide with the forward edge
downhill in a relatively stable orientation. For the Minnesota tests at
velocities up to 1300 feet per second with elevated barrels, there were

visual impressions that the subots rolled out into a stable orientation,

stopped, and then glided back toward the gun. The tracking cameraman

was the same individual who operated the tracking camera for the November
1969 Self-Suspended Flare tests at Hurricane Mesa.

It has also been noted that toy frisbees tossed on edge will, in some cases,

roll out to the desired glide orientation. It is speculated that this
phenomenon could be exploited to eliminate the necessity for complex
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tilting of the launcher and or brute-force neutralization of the aerodynamic
moments, by letting the flare seek its own preferred glide orientation. '

5. Math Model/Computer Program

a. Basgic - The equations used to develop the trajectory computer pro-
‘gram are presented in Appendix B. These equations are based on the
aerodynamic force and moment model of Figure 5. ‘They used an inter-
mediate set of nonspinning aeroballistic axes for the flare to perform the
basic.calculations with appropriate transformations between these flare
axes and the aerodynamic axes. The flare axes were arbitrarily chosen
to simplify the inertial/ gyroscopic and kinematic calculations and to
minimize the possiblity of singularities in the differential equations.

While a standard conventional sequence of Euler angles in the yaw, pitch,
and roll sequence was used to describe the instantaneous orientation of any
arbitrary set of axes in the flare, the axis transformation matrices were
computed using the Euler symmetrical parameter (sometimes called
quaternion) approach which uses four parameters instead of three, but
avoids the singularities and is actually simpler to program than other

methods.

The fundamental assumption made in these equations, in order to suppress
the high frequency nutational oscillations but allow quasisteady rotational
precession and full translational freedom, was that the derivatives of the
pitch and roll angular rates were negligible. Inverting the resulting
equations yielded the equations for gyroscopic precession under the applied
aerodynamic moments resulting from angle of attack, spin, configuration
shape, and angular rates.

Once the orientation of the arbitrary flare axes were all obtained in terms
of its transformation matrix, the orientations of several other arbitrary
axes were readily obtainable and were output by the program by making the
appropriate auxiliary axis transformation required and extracting the
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orientation Euler angles by manipulation of the matrix elements. No one
set of axes or angles seerns to best describe the orientat#n of such a disk
type body, which, if and *hen gliding could be described by either aero-
dynamic or velocity axes but unlike an airplane the wing tips are not visible.
Consequently, several choices of output axes are availa’le.

b. Lincarized Analysis = The equations used for the stability/precession
criteria analytical solutions were essentially those of the computer program
but linearized with respect to the velocity axis description of the flare
orientation and forces (see the equations of Appendix C). In this axis system,
the roll orientation of the lift vector determines the rate of turn of the
trajectory in gliding flight. This system eliminated the effect of linear
acceleration and lent itself to varying levels of degrees of freedom for

study of the precession, with and without translation and with and without

wobble.

The linearization was performed with respect to an ideal planar trajectory,
which would assume no precession, and the equations presented were solved
for the simplest case of level launch, as presented in section IV. B. 2., The
solution should be extended for the more general and more proper steady-
state glide angle condition, if identifiable, for arbitrary launch conditions.

C. Typical Aerodynamic Coefficieits and Inertial Data for the Computer
Simulation = Typical values of the geometric parameters used to define
the flares in the computer runs are tabulated in Appendix D.

Static aerodynamic coefficients Cyw Car and C,, used for computation with
the trajectory program, are tabulated in Appendix D as functions of the

angle of attack for several typical configurations. All runs used the same
set of damping coefficients and also assumed that the Magnus moment was
negligible (KM = 0) since the results were insensitive to these parameters

at the anticipated levels. The configuration numbers as tabulated in Appendix
D were arbitrarily assigned. For the 8:1 cylinder with variable cavity the
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static coefficients are tabulated as functions of angle of attack for four values
of the cavity radius ratio to outside radius (identified as Configuration 8C).

d. Sample Simulation Results — Samples of computer inputs and outputs
are shown in Tables 9 and 10 for a case with cavity dependent aerodynamics
input as four sets of curves and with constant thrust, and in Tables 11 and
12 for an inert case with only one set of aerodynamic curves.

e. Possible Math Model/Computer Program Modifications = The math
model presently assumes that the side force due to spin (Magnus force)

is negligible and that the pyrotechnic burning rate and thrust are constant.
As the disk thickness increases, this Magmis force could become significant
and actually provide a lifting force for units whose spin axis is nearer
horizontal than vertical. This term could easily be added in the same

form as the Magnus moment in the math model.

The equations for mass loss and thrust would merely have to be changed to
integrals of the desired arbitrary burning rate and the equation relating
thrust to this burning rate supplied.

Associated computer program modifications would be to introduce the
Magnus moment, the Magnus force coefficients (if added), and the spin
damping (when available) as functions of angle of attack and, if possible,
cavity radius, and to introduce the burning rate functional inputs and
add them to the differential equation solution.

To provide finer resolution of some of the more nonlinear curves, primarily
for cases where large thrust values may drive the angle of attack to -90
degrees in vertical flight, the data input should be modified to provide

either a larger number of data points per variable than the present 10 or,
preferably, a selectable number for each coefficient which can be tailored

to the available data.
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Table 9.

Original Input for a Series of Simulation Runs

with Variable Cavity Aerodynamics, Thrust, etc.

RUN 11-10 CONFIG 8C = INERT = NO PRECESSION = NO THRUSIT
GA 0.0 e e e -
HY 0,0

I ) (R I S = S— - s=% -
THETA . 0.0
PHl 0.0 -
OMEGA 1000,

R o B000,—e . . - - T,
VA e.0

~D.. 8., - P,
P 2.
WP — B el A e
RHOP 2,86
We e R o R e W T o -
OW} 0.0

R | - PSRRI § - P U U SN - S,
T 100.
TF 15,
HF .10
KP 0, - ”
KM 0.
THRUST. - Qe oo oo e eeee — . .
TINTZ 1,0 - —— -
TSTQP 1.
(of 1] - ; - e ——- .
'10. o. 10. 200 30. 400 500 600 700
'15. i.®2,35 __ . =,15 °e15 .. malh . e 15 =u15__ ,dlh. . =15
CLP :
'10. 0. 10, av. 30, 49. . 50, 60. 700
'15' e,15 *,15 '015 . -, 15 ,15 *,15 -,1% .15
NCUKRVE 4,
0,0
«10, - =5, ....0,0 .... 5,0 _ 10, ._ 1%, _ . .30, ... 40, . 60,
e, 46 “,26 -,04 vl? 1) .')2 86 1.0 1,724
-0 -,04% -,02 «035 . +04> .033. 1066 0076 062
135 135 136 1365 138 11695 195 111 057
25 %00 o .
=10, -5, 0.0 %, 10. 14, 30. 40, 60,
o 46 ... =25 .. 2,02 __ 2 ___.42 ____, 4 _____. 87 __2.08 . 1.3 ..
'003 -,04% e,02 .045 0033 068 .078 0062

0035
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(Concluded)
125 01265 . ,129 .. L1382 . _.,135_ __ 16 . 165 . ,102 049 0.0
063 .

o '101 5. - 0.0 . 5 - 10, 16, 30. 45, 700 90,
.46 -.25 -, 02 vl 42 056 -1 1.13 1,22 1.19
--'003 - *,02.. _=,003._. 1023 ———e D42 .0‘...--._.‘ 074 ____ 09 _ .._,0064 0.0
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RUN 11-30 CONFIG 8C = BURNING = VARIABLE AERO = NO PRECESSle * .5 LY THRUST
THRUST S . I s (=5 = oo . o oo S
Tl 0.

- KP R | P, .. . P, .

Table 9. Original Input for a Series of Simulation Runs
with Variable Cavity Aerodynamics, Thrust, etc.

RUN 11-40 CONFIG 8C = BURNING = VARIABLE AERQO.=-_PRECESSING = ,5 LB THRUST
KP 1,0
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Table 10. Sample Output for a Typical Computer Run with

Cavity Aerodynamics, Precessing, with Fixed
Format (Continued)
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Table 10. Sample Output for a Typical Computer Run with
Cavity Aerodynamics, Precessing, with Fixed
Format (Continued)
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Sample Output for a Typical Computer Run with
Cavity Aerodynamics, Precessing, with Fixed
Format (Concluded)
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Table I',l. Typical Input for a Simulation Run with Fixed

Aerodynamics

f

"\

RUN 144-} CCWFIG 24 - ¢ TO 1 CcYL - FIXED AER
v .0

HP

WP
RHOP
OMEGA
v

H

GA
THETA
PH]
HF

NV

VA

NCURVE
'100

e.

3.
.86
1500,
Su.
2000,
Ve

U
U
~1.0
Vel
ulo
u.0
u.O
V.0
15,
u.0

-5, 0. 50 10' 150
“L.24 -0,u2 0,24 0.94 0.48
) 0

=eU11 =,0u4 0016 . 009 -,008
0.7 0.16 0.47 0.21 0.28

0. 10, 20, 30, 40.
=15, =15. =15, -15. -15.

oo 10' 20. 30' ‘0.
-15. =15, 15, -16. =15,
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O - PRECESSING - 3 LB THRUST

20,
°l°0
20.
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20.
0.30

50.
-15.

50.
=15,

40.
1.20
40.
076
‘o.
0.23

60.
*15.

60.
=15,

60.
1.37
60.
«062
60.
0.1

70.
=15.

70.
=15,

90.
1.34
90.
0.
90.
0.0

90,
-19,

0.
=15,




Table 12, Sample Output for a Simulation Run with
Fixed Aerodynamics

ee INPUT DATA oo

RUN 144~} CONP IG 1A = € 10 3 CYL = FIXED AERY - PRECESSING = 1 LB TWRUST

*1,u008°ul «5,000E¢00

5.000E«00 1.000€+01

Jo.
*4,000E-vl <~2,400E-U3 -¢.000E-u2 2.400E-0%1 ¢.400E-012

*1.JU00E*ul <9,000E°00

5.000E*00 1.,000E-01

Ve
~6,900€-L3 <31,100E-02 ~-4.000E-03 1.500€-02 <-9.000E-03

*1,000Beul  «9,000E00 do

5.000E+00 1.000€-01

2.000E-v1 1.7008-01 1.6000€-01 1,7006-01 2.300E-01

“1.u006°u1

1.000E+08 2.000E-01 J3.000E~01

°l
=1.900E*ul «1,500&*03 ~-1.500E+01 -3.500E«0%1 <-31.500€+01

1.000E¢01 2.000F+0%f J3.000E-02

[
“1.500E+.1 -l:’ﬂﬂi‘ul -1.500€+01 ~-1.500E+01 ~-3,500E+01

“1,U00E*.2
v0 (FPS) GAMMAD (DEG)
S,000UEe0L 6.

0 (RPM) Ho (1)
1.50UuEeDS 5.0000t03
SHOP (DEN) WC (LB)
¢, 800VESD. 0.

me (FT)

=1,0000Fe«0"
APz 1,40 Kus 0.00u

HV0 (DEG)
0.

VA (FPS)
0.

Dul (LB)
0.

InRUS TS 1.000

1.500€+01
4,800E-02
1.500€+01
=0.000E-0S
1.500E«01
2.000E-01
4.000E01
=1.30UE*01
4,000E903
=1.500E€01

M (DEG)
0.

T¥ (SEC)
1.5000€+01
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2.000€¢01  4,000E«01
6.000E-01 1.200E+00
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1.,200€-02 7.600E-02
2.000E+018  4,U00E~01
3.000€-01 2.300€-01}
5.000E¢01 6.000E+01
*1.500E¢01 <~1,500£«01
9.000E+01  6.000E+02
*1.500E+01 <=1.500E«02

HP (IN)
2,0000E+00

Tl (SEC)

6,000E°01
1,370E+p0
6.000E-r)
6,200E-02
6,000E°01
1.,100€-r1
7.,000€°08
=1,500Fent
7,000E+01
=1.500E°01

PHl (DEG)
o'

WEO (LR)
S.0000E00

Tr (SEC)
1.5000E°01

9.000€-09
1.340€40(
9.000€-01

g:ooosooj

0.
9.000E-0

-1.500€0
9.000E-01

*1.500E+0}

|
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Table 12.
TINE (SEL) ux G 1) oY (FI)
u. 0. o.
MY L0EG) GAMMA (QEG)
0. 0.
HA LDEG) EA (DEQ)
o, 7
XD (FPS) YD (FPS)
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cney )
-4,0000€-03 -9,10280-04
cN CA
-2,00006-02 1.60008+01
w? (LB) NI/R
5,0008E400 2.5684k-01
PS1A 1DEG) cL
] -2.0000E<02
RA PV
o. 1.0309€-03
HYP GANMAD
0, ~6.4573E-01
TIME (SEC) DX (FT) DY (F1)
2.0001k-01 9.9818E400 -4.53228+04
i
NV €DEG) GAMMA (DEQ)
-1,9053€-04 -5.72098+00
“A (DEG) €A (DEG)
“2,7116€-03 1.02936-03
XD (FPS) YD (FPS)
4,9810E¢01 -1.65020-04
cHt up
9.02336-03 *1.0174¢00
cN CA
2.6008€-01 1.75788-04
- ‘WY €L8) RI/R
4,9334E200 2.8003§-03
PSIA (DEG) cL
“2,7111€-03 2.30018-014
NA 1]
-6,00036-04 -4.0709e-03
HVD GAMMAD
-1,28026-05 ~8.1062k-01

oW (FT)
.n.

H$ (DEG)
1.8000€002

PHIA (DEG)
0.

b (FPS)
0.

1]]
0.

N (LB)
*1.7684F-02

18
9.2036E-03

co
1.6000E-01

Qv
~6.4573E-01

DM (FT)
*5.049¢E-01

H§ (DEG)
1.7766E¢02

PHIA (DEG)
-2.931%0E-02

D (FPS)
4.9901E+00

vp
*3.4193€-02

N (LB)
2.30306-01

18
9.3009E-03

(=}
2.0171E-01

Qv
*0.1062E-01
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W (FT)
5.0000k03

PHIS (DEG)

0 (KPM)
1.5000E03

U (FPS)
9.0000E+u2

WD
2.5848E901

A (LB)
1.4147E-01

17
4,9615E-03

PHIV (DEG)
0.

ALPHAD
6.4%566k-u1

N (FT)
4.9995E+03

PHIS (DEG)
2.5179€-02

0 (RPN)
1.5000E<03

U (FPS)
4.9810E+02

(1]
2.4109€+01

A (L9)
1.5579€-01

"
4,.9404E-03

PHIV (DEG)
~2.9204€-02

ALPHAD
6.1079k-01

Sample Output for a Simulation Run with
Fixed Aerodynamics (Continued)

X (FT)
0.

AT (DeG)
0.

Ol (RAD/SEC)
=1.6309E-03

v (FPS)

P (RAD/SEC)
1.6309€-03

LIFT (LB)
-1.7684E-02

154
=6.1933E-0%

PA
1.6309E-03

RY
0.

X (FT)
9.9818E+00

AT (DEG)
$.7220€00

0T (RAD/SEC)
4,0221E-03

v (FPS)
=2.3569E-03

P (RAD/SEC)
=4,0221E-03

LIFT (Lo}
2,2158¢-01

DIt
=6.9121E-0%

Pa
-4,0224E-03

RY
-2.0220€-0¢

VT (+PS)
9.0000£401

MY (bT-LB)
«2,3570k-03

Om (RAU/SEC)

W (FPRS)

G (RAU/SEC)
6,6429E-08

DRaG (L)
1,4147e-01

Di1s
~7,5938L-0%

0a
«6,0429E-0%

PuIvD
1,6309€-03

VT (FpS)
5.0059E.0¢

MY (FT=L®)
3,00426-03

OM (RAV/SEC)
0

W (+PS)
4,9900t.00

0 (RAD/SEC)
1.0440k-04

ORAG (L®)
1.7877€-01

D1s
*9.0274E-09

Qa
1,04208-04

PMivVL
-4,0692e-03




Table 12.
ux (ki Dy (¥}
1.9924Fkeuy “1.2427¢~04
HV (DEG) GaMmA (DEG)
~1.2061E-03 *1.1063E+01
kA (DEG) eA (DEw)
~4,9%97e-03 7.77%6k-04
XU (FPS) YD (FPY)
4,927/E+4Y “1.0456E-03
CMY ub
“B.7932E-03 ~1.3390E°00
(1] CA
4.4835€E-01 ¢.24628-01
wl (LH) NI/
4,860670400 J.014%-01
PS1A (DEG) CL
~4,99296E-04 §.9702k-01
nA (2
4,990%E-u4 $.7005k-08
nvy GAMMAL
“1.,6339E~-U> 5. 7824E-01
Ux (FT) Ly (v 1)}
2.9807k*0} =3.4902E~04
WY (DEG) GAMMA (UEW)
~1.,1270&=-03 =1.6084k+01
rA {DeG) eA (OEL)
3,9400E-0$ «7.955%0k~-04
Xy (FPS) YD (+Py)
4,926¢k01 -9.9480p-04
cHt un
~3.0002b-0L3 =1.7705k+00
Cn CA
5,0000k-u1 C.8433E-01
Wt (LB) nN1/K
4,8000E*00 J.2144¢-01
PSIA (DEG) CL
3. 0¢u7k-us 4.0748k-0u1
KA PV
6,5084k~u4e 1.7020E-03
HVU WANMAL
1.6487F-0% =5.,5344p-01

W FT)
=1.9750E¢00

WS (DeG)
1.7768k%02

PHIA (DeG)
*1.9232e-02

2D (FPS)
9.6756E+00

Vo
2.48576-02

N (LR)
4.0461E-01

1S
9.1674€-038

cD
3.0634k-03

v
=5.7824¢-01

Dw (b1}
*4,3654E°00

HS (DeG)
“2.4525F200

PHlA (DEG)
1.7611F-02

D (F¥SH
1.4204E¢01

vu
J.2236E~02

N (LR)
4.7040F-01

1S
9.1451€-08

(44
4.1339E-01

uv
5.5344k-01
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W (F)
4.9980&+03

PHIS (UDEG)
1.9248k-02

0 (KPM)
1.5000k+v3

U (pPY)
4.9577k003

wD
2.20879E+02

A (L)
2.0270€-01

1R
4.9339k-03

PHIV (DEG)
-1.9595%¢~v2

ALPHAD
5.7809t-u1

W (Fi)
4.99%6ku3

PHIS (Dku)
1.7627€-02

0 (WPM)
1.5000t<03

U (k¥d)
4.9262¢t+01

wD
¢.23313k%01

A (Lv)
2,0436k-01

11
4.9179¢c-v3

PHIV (DEW)
1.8328k-02

ALPHAD
5.5337e-01

Sample Output for a Simulation Run with
Fixed Aerodynamics (Continued)

X (1)
1.9922€+01

Al (DEG)
1.1044E+01

07 (RAD/SEC)
=~3,8729E-08

v (FPS)
=4,2914E-03

P (RAD/SEC)
3.67296-04

LIFTY (LB)
3,502vE-01

[
«7.6890F-0>

PA
3.6729E-03

RY
~2.1379E-04

X (v 17}
2.980/F«0)

AT (DEG)
1.0085E01

0T (NAD/SEC)
~1.5819E-03

vV (FrS)
S.3/99E-03

P (RAD/SEC)
1.5819€-09

LIPTY (LR)
3.7880F-N1

bl
-8,3458E-0%

PA
1.9819€-03

Ry
1.9¢08E-04

VI (+03)
5.0512k401

MT (FT-LH)
=5,2891c-03

O™ (RAU/DFC,

a (+PS)
9.6703c400

U (RAY/SFC)
=3.,%202c-04

DRay (L B)
2.7646E-03

01
-1.,0461c-04

da
=1.51/0e-04

Puivy
3,7036t-03

VT (tPd)
5.1709c401

MT (rT-Lb)
«2,2725c-03

UM (MAU/DFC)
0.

W (tpY)
1,4203k.01

3 (RaU/SEC)
“06.6169¢c-0%5

Deaw (1 )
3,845%c-01

O
-1,1898:-04

Ua
~6,64/7c-0%

Puivu
1,09/4t-03




I iMe (Sko)

8, .01~}

IIME (SEV)
1.5v00E%00

Table 12. Sample Output for a Simulation Run with

ux (epT)
3.9622€E01

HY (DkG)
=7.,4507€-04

WA (DEG)
*5,2029€6°03

XU (FPS)
4,80887E%08

cny
1,4547€-02

CN
6,2388E-01

Wl (LE)
4,7833£¢00

PS1A (DEG)
=5,26028E~03

RA
~2.,8240E~-03

L17']
“1,4270€-05

Dx (FT)
4,9360£°01

NV (DEG)
-3.%9329€-03

WA (DEG)
-8,2%44E~02

X0 (FPS)
4,0494E°01

()4

2.827%k-02
CN

7.5¢%7€-02

ul (LB)
4,66067E+00

PS1A (DEG)
-6,2538E-02

1]

7.7269E-03

L1]']
“1.9084L-04

Fixed Aerodynamics (Concluded)

DY (FT)
~4.9887k-04

GAMMA (DEG)
*2.0796k+01

EA (LEG)
5.0553k-04

YD (+PS)
=~6.3572k-04

ub
“1.9598Ek+00

CA
2.97¢1k-01

RI/R
3.4027E-01
cL
4.7771e-01

4]
=7.05428-03

GAMMAD
=9.1508€-01

DY (FT)
=7.0930k-04¢

GAMMA (REG)
«2.50808+01

EA (DEG)
5.412%-03

Y0 (FPS)
*~2.99026-03

v
*1.9902€+00

CA
2.8220e-01

RI/R
3.5810€-01

CL
5.0194E-01

PV
*1.9403¢-02

GAMMAD
~4.,7083k-02

DM (b T)
=7.6459F+00

NS (DeG)
1.77%6€<02

PHlA (DEG)
~1.1896E-02

D (FPS)
1.85606E08

Vb
~1.2880E-01

N (LB)
6.0355¢-01

IS
9.1199E<08

co
4,9936E-01

v
-5.15%08E~01

DH (FT)
“1.1776E+01

WS (DEG)
1.7748€02

PHIA (DEG)
=1.26"6E-01

1D (FPS)
2.2096E¢01

vD
-3.72%2€-01

N (L8}
7.6334E-01

Is
9.0910€-03

[+]]
5.7465E-01

ov
-4,7083E-01
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W (F1)
4.,9924E03

PHIS (DEG)
1.1908&-02

0 (RPM)
1.5000E°03

U (FPY)
4.8887c¢01
wD
2.1287k+01
A (L)
2.8753k-01
11
4,900%€-03

PRIV (DEG)
=1.272%€-v2

ALPHAD
5.1536E-01

HLFD)
4.9802E+03

PHIS (VEG)
1.26108E-01

0 (RPN)
1.5000€&03

U (FPY)
4.08492E01

[14]
2.0044E< 01

A (LB)
2.8624k-01

)
4.8017€-u3

PHIV (DEW)
=1.3910E-01

ALPHAD
4.7142€-01

X (7))
3.9622F+01

Al (DEG)
2.0796E401

OT (RAD/SECH
6.5493E-08

v (FPS)
~4,4904F-03

P (RAD/SEC)
“6,5493E-03

LIFY (L8)
4,6214€-01

BlY
~9.00276-0%

Pa
~6.5493E-03

RY
=1.2773E-04

X (FT)
4.9360E¢01

AT (DEG)
2.5080E+01

OT (RAD/SEC)
1,3388€-02

v (FPS)
-5.2929€-02

P (RAD/SEC)
=1.3387€-02

LIFT L0)
S.0990E-01

DIy
“9.7795E-05

PA
=1.3300€6-02

Ry
=1.3220€-08

¥yT (¢ PS)
5.2794c001

LASNISIN }]
9.3822k-03

Om (RaU/SFC)

W (*PS)
1.0807¢k+01

C (MAU/SEC)
e,8211E-04

DRaG (L 8)
4,8300c-01

D>
*1,3320k-0¢

Qa
2,8150t-0¢

Pujivp
«7,0492t-03

VT (v PS)
9,3543c401

MY (P T-LB)
1.9110c-02

OM (RAD/ZSEC)

W FpS)
2.2701¢c404

0 (RAU/SEC)
6,0564E-0¢

DRAG (LB
9,8287c-01

ors
«1,4762e-04
ua
5,9103k-04

PulIvD
=1,9317c-02




Another useful modification of the program to permit simplification of the
input data for nonburning applications (inert or ordnance items) would be to
permit input of total weight and inertias and bypass the separate case,
pyrotechnic parameters, ignition, and burning times which have to be care-
fully "faked out'" to simulate a solid body and avoid singularities in the
automatic calculations of inertias. If it is intended to alternc.te between
inert and burning configurations, this could be handled by input logic which
demand only the inputs needed at the time.

If it is intended to use the program for nonburning ordnance items then it
would be preferable to create a separate deck with the unneeded variable
mass and aerodynamic terms deleted. This latter form would be directly
applicable to flettner rotor munitions for which presently available pro-
grams are either nonprecessing 3 degrees of freedom, using planar
aerodynamics, or full 6 degrees of freedom requiring the full set of six-
component static and six-component dynamic aerodynamics.
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APPENDIX A
PRELIMINARY COMBUSTION WAKE EFFECT ANALYSIS

The following analysis of the aerodynamics of the combustion wike was a
preliminary study, based on preliminary estimates at NAD/Crane of com-
bustion pressures and temperatures. The predicted pressures were not
sufficient to produce thrust so that the results of this analysis are not
applicable to thrust producing flares.

1. INTRODUCTION

The effect of the combustion wake on the aerodynamic characteristics of a
spinning disk-shaped flare will be determined by examining the combination
product-air mixture in the flare plume. The flare considered in this
analysis is assumed to burn only on cavity surfaces (see Figure 67), Then
by symmetry arguments and also since a flare is usually designed so that
the pyrotechnic burns at atmospheric pressure (i, e., no pressure jump in
the flare's aerodynamic behavior is caused by a change in density of the
medium near the flare), any finite combination product expulsion velocity
will not produce a thrust force. Thi¢ change in density results from the
introduction of combustion products into the airstream and from the increase
in temperature of the air surrounding the flare, Using this change in density
approach, upper bounds will be obtained which give the maximum possible
change in the flare's aerodynamic coefficients, Then the effect of the flare
wake will be negligible throughout the flare's flight.

2. THEORETICAL

The mass flux of combustion products into the flare field is constant if a
grain configuration of constant burning area is used and if the pyrotechnic's

burning rate is insensitive to the flare's orientation and velocity. Therefore,

mpy = mp/tg, (1)
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Figure 67. Flare, Predminary Combustion Wake
Effect Analysis
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where m IN is the combustion product mass flux into the flow field and myg
is the pyrotechnic mass consumed in tB seconds,

If a mass balance for the control volume (see Figure 67, exclusive of flare
volume) is considered, the density of the combustion products in the vicinity
of the flare can be determined. For the control volume V,

m =M = Moyt
P

m
- -f oV’ dsp

g g P (2)
where V is the velocity of the particles as they pass through S', the boundary
of V. However, at any given time, the mass of the combustion products in

V is

m=fv DPdV, (3)

since 0 p may not be constant in V,

Therefore,
so that

d A = - -
af(.{lde\>"fB_ -/ epvds
(4)
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As a first approximation to the density of air in V, the ideal gas law will be
used. Therefore,

PM

pA-R'TE—o

where P A’ MC’ and TC may be functions of position in V and time. Explicit
determination of the density distribution in V is beyond the scope of this
report. However, upper and lower bounds can be placed on p A since TC and

M. are bounded.

C

3. NUMERICAL SOLUTION

The maximum change in the normal force coefficient will occur when the
flare is at 90 degree angle of attack, while the axial force coefficient and
center of pressure location will change most when the flare is at 0 degrees.
Therefore, combining these maximum changes will give the greatest effect
of the combination product wake on the aerodynamic behavior of the flare,

If Pp and o A are to be obtained from equations 4 and 5, an appropriate
control volume must be determined.

The pyrotechnic considered in this problem burns at atmospheric pressure
so that the change in pressure force is small compared to the buoyancy
force or change in skin friction coefficient. Then, for maximizing purposes,
the control volume of equation 4 can be taken as the flare cavity at burnout
so that S' = S where S is the flare's projected area,

Then, with V corresponding to the flare cavity, v will be the velocity of the
combustion products leaving the cavity with component v n normal to S.
Although °p is a function of position in V, it will be assumed for simplicity
that Pp is a function of time only. Then equation 4, which reduces to
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dp mP
) SP g Ppn S ©

gives an equation for the average density in V. Solving for
ppatt= thith oP=Oatt= 0,

m_/t -v_t
= P''B B
DP z VI;.S_ (1 - exp -Jr ) (7)

4, UPPER BOUNDS ON FLARE WAKE EFFECTS

a, Buoyancy Force

An increase in temperature of the air in the flare cavity adds buoyancy to
the flare, The maximum buoyancy force, occurring when the flare is at
zero degree attitude, can be determined by placing limits on the average
temperature of the air in the cavity. These limits, given by equation 8,

although simple in form, give an upper bound on the buoyancy force for all
flare orientations,

TASTCSTB, (8)

where TA is free stream static temperature and TB is the pyrotechnic flame
temperature, For a stoichiometric mixture of pyrotechnic and oxidizer

(02), assuming all the 02 in the cavity is used during reaction, the molecular
weight of the air in the cavity will be the molecular weight of the inert gases
in air, This condition, combined with equation 8, gives

PAMA'SO s AMA o
RTq A RT, "
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where M a* Molecular weight of air
M A' = Molecular weight of N2
0 A' = Density of air in the cavity.

Therefore, the maximum buoyancy force on the flare will be

_ Py

B - _R-[M M

A A
- Shg, (10)
T Ty )

which assumes that the thermal conductivity of the flare case is zero, i.e,,
the flare case is a perfect insulator,

P, M P, M

= (2.38x10°3-,17x10°3)Shg
S = ﬂd2 = -;-
g - 32 Shg=4.19
h=2/12
- 2.21x10°3 (4,19)
Bp= 9.25x 10"3 pounds << Weight

BF << weight of flare,
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b. Skin Friction Coefficient

The skin friction force for a nonburning flare is defined by

NB F F

NB NB

For a burning flare, the effective density will not be the same as free

stream. Therefore,

" 2 -
FB-CFB pg (1/2v%) S |

C °B 2
=CF [ ](1/2 0ny VZ) S,
P|%yp NB

e P
. _— B B
since C ~C = C., and defining C! = C [—] =C [—]
F FNB F F FB °NB FL B

B
2] . <y < cp[42
Cploygd MIN. *Cp ‘CF[m] MAX.

However, °B = 0p + pA' .

where °p is the pyrotechnic combustion product in the control volume
considered in 0 ,' is atmospheric density in this volume, If 6P = 0 in the
cavity, then

IN OuT,
where mp
"IN T TS T Jsopvpds
= op' v S,
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where pp' is the density in this volume when 6P is zero (equilibrium density

in V'), Let the time equal t', then

' o MP/ tB[l -Vvt' ]

Mp
Substituting pP' = -g (vn S

= l-e
tB vnS h

mp mP/tB [ 'Vnt' ] vns

]
vnt

l=1-¢e- —r »
which is only true when t' = =, Therefore, when 6p = 0,

Mp

1
0, = - = Const,
P i [vns]
Now, since
t
PaMa o FaMy
RTg A "RT,”

we have

PAMA‘p‘m +PAMA
T S BT I W

-176-

e

oo



So that

MA/TB < CF' B [1+ mg, /PAMA]

Ty CF BVaS ' RT,
For this problem,

MA'= 22,1

MA = 28.9

TA = 273

TB = 2973,

Therefore, for Vo 10 feet per second,

However, the skin friction coefficient is CF <0, 005> which is substantially
less than the axial or normal force coefficients.

5, CONCLUSIONS

If thrust is not generated by the burning pyrotechnic, the effect of the flare
plume on the aerodynamic characteristics will be negligible,
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APPENDIX B
EQUATIONS FOR TRAJECTORY SIMULATION

The following equations for quasisteady precession and translation of the
flare under the assumed aerodynamic torques and forces were programmed
in FORTRAN IV for the CDC 6600 computer and used to compute most of
the trajectories presented in this report. This program permits selection
of either free precession or suppression of precession. Some of the non-
precessing trajectories shown in the report were computed with a truncated
fixed orientation version of the program on a teletype computer in a special
language and are not presented here,

The order of presentation is as follows:

. Axes
. Translation equations, *
. Aerodynamic angles, *
Aerodynamic forces and moments, *
. Inertial and thrust terms, *
. Angular rates, *
. Axis transformations using euler parameters, *
. Auxiliary parameter transformations, *
. Initial conditions / input constants,

Nomenclature, *

¥ R.eprinted from original Honeywell Inc, Scientific Programming
Department report.
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1, AXES

The axes may be defined as follows - all orthogonal triads 'vith origin at
the flare center of gravity except for inertial axes which would have an
arbitrary initial position, (see Figures 68-71),

a, Inertial Axes

The X, axis is horizontal parallel to the arbitrary reference trajectory plane
(possibly aircraft direction at launch, etc.), the Zi axis is vertical down-
ward, and the Yi axis is horizontal, forming the other axis of a right hand
triad, These are all with respect to a flat nonrotating earth,

b. Flare Axes

The ZF axis is coincident with the positive spin axis, XF and YFcompleting
the right hand triad in the disk plane, The component of angular rate of
the axes themselves along the spin axis, is constrained to be =ero (yaw
rate, R=0). The component of the angular rate of the body along the spin
axis is then the spin rate w. For zero orientation Euler angles, the

flare axes would be parallel to the inertial axes,

c. Aerodynamic Axes

The ZA axis is coincident with the positive spin axis, XA and YA are in the disk
plane, with the X A axis at the intersection of the disk plane and the aero-
dynamic plane, which is through the spin axis and the velocity vector per-
pendicular to the disk plane, The normal force N is thus by definition

parallel to and opposite the Z A axis, and the axial force A is parallel to but
opposite the X A axis, The aerodynamic axes are related to the flare axes

by a yaw rotation (‘BA) about the ZF' Za axis,
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Figure 68, Aerodynamic Axes, Forces, and Moments. .
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YA’ Yv

1II

™

ERODYNAMIC PLANE

Figure 69, Velocity Axes and Forces Related to Aerodynamic Axes
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MOVING AXES
() FLARE

(),  AERODYNAMIC
(), VELOCITY

Xpe Xao Xy

E, Ep Y

INERTIAL AXES FIXED ON GROUND X, Y Z,

Figure 70. Euler Angles Between Inertial Axes
and Moving Axes
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Figure 71, Nonspinning Flare Axes and Aerodynamic Axes
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d. Velocity Axes

YV is coincident with the aerodynamic Y axis, Yp, or pitch axis, Xv‘ Zv, in
the aerodynamic plane, with Xv aligned with the velocity vector and Zv
forming the third axis of the orthogoral triad. The lift force, L, is thus by
definition parallel to but opposite the Zv axis, and the drag, D, is parallel

to but opposite the Xv axis, The velocity axes are related to the aerodynamic
axes by a pitch rotation through the angle of attack, Gors about the Ya' YV

axis,

Each of the axes moving with the flare is related to the inertial axes by the
Euler angles H, E, @, for heading (azimuth of X axis), elevation (of X axis)
and roll (about the X axis). For flare axes, ( ) A denotes aerodynamic axes
and ( )v denotes velocity axes, ¢S and Hg are used to denote the tilt
of the spin axis from the vertical and the azimuth of the axis about which it
is tilted, respectively.
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2, TRANSLATION EQUATIONS

l.l = - A\ cos Vat 9 ag; - QW Axial Acceleration

(l = - (A) sin wA*- 9 2, +PW Lateral Acceleration

l;l =- N+g a3t QU-PV-T Normal Acceleration

m . m
U =1, +f U dt Axial velocity components
V =V + f v dt Lateral * "
o=+ fua Normal ~ * .
Vpo= WUT Vel Tota) Velocity

f( = V+ €O cos H Initial velocity c nents
To €2 Yo Vo y compo

-
[+ ]
]

vTo cos s cos HVo

o = - vTo sinyo

X =Ua;, +Va,+NWa,
Q = Ua, +Va,,+Wa,,
Z =Ua, +Va, +Wa,,

Down range

> =<
L} [ ]
:’\
o
-
L
o
\f’
N
*
(-9
(a4

Cross range

Altitude

aX = f(va - X) dt Position relative to launch a/c
AY = Y

sh = -/i dt

q = %PAV? Dynamic pressure
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3.

GT =
Y *

PA

AERODYNAMIC ANGLES

tan-? _W
Ju’+vz

tan™! v
U

c’ e 'Czh

where C3 = 2,378 x 10°°
C, = 3.2x10°°

Total angle of attack

Yaw of aerodynamic plane with
respect to X flare axis

Atmospheric density
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4, AERODYNAMIC FORCES AND MOMENTS

A =q Ca

- f

N =gy

CN = f ars Pe

Moo= qsd Cur

Oy = f ( » Te

r =4d/2

S = nd?
=T

uw'KHcMT

an,

My=asd (d )c“Q

L(m)-ESd(drlww

4l
Cm = f (CT)

™)

Ctp'f(a'[)
zu'an(d

G, = f (a7) 0

iy

Axial force parallel and opposite
to aerodynamic X axis

Se¢ Input Data

Normal force parallel and opposite
to spin axis

See Input Data

Pitching moment about aerodynamic
Y axis

See input Data (c")

Radius

Reference area

Where K is input data

Magnus moment roll moment about
aerodynamic X axis due to spin

Pitch damping moment about aero-
dynamic Y axis.

See Input Data

Diff between roll and pitch damping

Rol1 damping coefficient about aero-
dynamic X axis. See Input Data

Spin damping moment

Spin damping coefficient

*For Cp, CN» and Cyr provision is made for choice between 1 or 4 values of r./r.
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5.

INERTIAL AND THRUST TERMS

Wy = Wp + Wg + AW Total Weight

(1) Before ignition t < t

m =

rc/r =

AHI =
T=0

0
0

(2) After ignition t; >t

: .1 M
m 9 hud .

ts

re/r =ri/v

T = Thrust = Constant

Wpo - 9 M (t - t;)

7
4

Mp
[ ﬂpph r?

p
lsp + Igc + Al Spin inertia
Itp + Itc + A1, Transverse inertia
2
r ry\2

m 5|1 (o) ] Spin inertia of Pyrotechnic
mr2 |1+ (i) +1(hp L Transverse inertia of Pyrotechnic

T r 3- r
me 1 1 ik (hP//;) Spin inertia of cup

T vea (/)
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fe = n gt []+4(hp]/r*z(hp/) +1 hp/r ]

Transverse inertia of cup

s Im r?
Al ""c

st Inertfa loss at ignition

Alyy = &lzr_’ [l + (hp/r)’]

I = -mr? (1Y)
. r Rate of change of inertia

S (G A1)

o] —
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6. ANGULAR RATES

(1) Axes Rates

R =0 Yaw Rate

PP = -0 |cos Yy + sin Yy [<’t'ﬁ0>- <EL>]] Roll R7 2
I w Isw

-y [stn v, - cos <It—i>’

Q = -9 |sin Yy = €OS ¥y It - M)- Hi__ Pitch rate
Iw Is w

+ S’M |cos "’A + sin "A <It

-
S

Is W
P = P
1 KP where KP s input data, 1 for free-precess
Q = QK 0 for non-precess
<[ M | Aerodynamic precession rate
o %
y = Lwa) Magnus precession rate
I.w
s

(2) Spin Rate

w = Nyw Spin acceleration

w o= W, +/:L dt Spin rate
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7. AXIS TRANSFORMATIONS USING EULER PARAMETERS

EP (1) = 3 (-P EP(2) - Q EP(3) - R EP(4))
EP (2) = % [ P EP(1) - Q EP(4) + R EP(3)]
EP (3) = X [ P EP(4) + Q EP(1) - R EP(3)]
EP (4) = 3 [-P EP(3) + Q EP(2) + R EP(1))
EP(1) = EP(1), +fép(1) dt i=1,..4
(1) Initialize

(1), = [ctfor2) c(Eor2) c(*r2) + s(Mor2) s(For2) s(%o/2)
EP(2), = [c(Mor2) c(For2) sor2) - s(Mor2) s(For2) c(%or2)
23), = [c("or2) sFor2) c®or2) + sor2) c(Bor2) s(%or2)
ep(4), = [-c(or2) s(For2) sC®or2) + st*or2) c(For2) c(%os2)
where C = cos, S = sin
(2) Normalize

ep(1) - _ EPUY) 121, .4

S e

i=h

(3) Transformation

A%+ 82 -¢2-p? 2(6C - DA) 28D + CA) -
agy = | 2(8C + DA) A2_g24+c2-p2  2(cD - BA)
2(8D - CA) 2(CD + BA) A2 . g2 .24 oz_
where A = EP(Q1
B = EP(2
C = EP(3
D = EP(4
i = 1,2,3 denotes inertial X, Y, Z axes
respectively.

j = 1,2,3 denotes moving flare X, Y, Z axes

respectively.
Similarly agja denotes transformation for Aero axes,
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8.

o
[]

AUXILIARY PARAMETER TRANSFORMATIONS

N cos% - A sin%
A cos%y + N sin“T

Cy cos®p - CA sinop
Cp cosar + Cy sina,

-*(3)

where Uv

(ayna /ap,)

tan”! ((ag2n / a3z, )

tan'] [“31A (cos 0A>J
a33A

where

A = 32) COSYy + 3y, siny,

3114 = 377 cosyp + a]2 simpA

f2n T %32 %% - %,

sinwA
a33A ° 233

a3lp = 2y coswA + a3 sinwA
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Lift
Drag

Lift and Drag
Coefficients

Flight path angle

Flight path heading

Azimuth of plane
containing spin axis

Tilt of spin axis

Azimuth of Aero axes

Rol11 of Aero axes

Elevation of Aero axes




tan”) ( a3, / ‘33v) Regtggout velocity

where a,, = a3,
333v * 33p €08 %r - agip sin oy

P cosy, + Q simpA
Q cosyp - P sin;pA Aero Axis rates

g .32A + Py tanGT
v.r costl,

PA cos‘l‘T + RA sin“.r

] - -
Vr (}LI g a33V) Velocity axis rates

QA = QV
g 632/ VT

Pv + tany [Rv cos &, + Qv sin ’v]
secy | R, cosdy + Q, sinov Flight path rates

Qu coso, - R, simv
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9. INITIAL CONDITIONS/INPUT CONSTANTS

DESCRIPTION

Initial velocity - Vo (feet per second)
Flight path angle - Y 5 (degrees)
Flight path heading - Hvo (degrees)
Euler angle - Ho (degrees), heading
Euler angle - Eo (degrees), elevation
Euler angle - 00 (degrees), roll
Initial spin rate - w (rpm)

Initial altitude - H_ (feet)

Aircrai‘t velocity - V (feet per second)
Diameter of flare - d (inches)
Thickness of flare - hp (inches)

Initial weight of flare - WPo (pounds)

Density - op (slugs per cubic foot)
Weight of case - W, (pounds)

Weight lost at ignition - AWI (pounds)
Purning time - tB (seconds)

Ignition time - t, (seconds)

Final time - t, (seconds)

Final altitude.-‘- - he (feet)

Scale factor for P and Q, KP

Scale factor for magnus moment, KM
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10. NOMENCLATURE

MATH SYMBOL FORTRAN SYMBOL
A AXIAL
2. A(Z, 3

1 (2, 3)
&, CA
Cur CMT
Cn CN
d DI
D DRAG
g G
h HA
hp HP
H,E,0 H,E,PHI
HA.EA.OA
Hysy &

Ig AIS
I, AIT
Ig DIS
1 DIT
L ALIFT
M AMASS
M DM
Mc CMASS
ﬁp BARMP
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DEFINITION

Axial force parallel and
opposite to aerodynamic
X axis. (1b.)

Euler angle matrix.

Axial force coefficients.
Pitching moment coefficients

Normal force coefficient.

Diameter of flare (ft.)

Drag (1b.)

Gravity (ft/sec.)

Altitude of flare above

sea level. (ft)

Thickness of propellant (ft.)

Euler angles of flare axes
azimuth, elevation and roll
attitude taken in that order
of rotation. (deg.)

Euler angles of aerodynamic
axes azimuth elevation and roll
attitude taken in that order
of rotation (deg.)

Euler angles of velocity axes
azimuth elevation and roll
attitude taken in that order
of rotation (deg.)

Moment of inertia about spin
Z axis. (slug ft2)

Moment of inertia about trans-
verse X, Y axes. (slug ft?)

Rate of change Ig (slug ft?/sec).

Rate of change of I, (slug ft?/sec).

Lift (1b.)
Total mass (slugs)

Mass flow rate )slugs)
Mass of the cup (slugs)

Cross damping, pitching moment
per unit roll rate. (ft.1b/rad/sec)




c/r, ri/r

QBAR
R
gCOR. RIOR

T
T8

Tl
u,v,w

uooT, VvDOT, ZDOT

vT
WC
L1)

X, ¥, 2

X0OT, YDOT, ZDOT

PHOA
PHOP

ALPHAT
PHIA

OMEGAM
OMEGAT

OMEGA
DWl

DISI
DITI
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"velocity along flare X, Y, Z axis

(rad/sec).

Dynamic pressure (1b/ft?)
Radius of flare (ft)
Radius ratio

Reference area for--forces
and moments. (ft?)

Time (sec).

Burning time (sec).
Ignition time (sec)

The component of toatl velocity
along the flare X, Y and 2
axes respectively. (ft/sec).

The derivatives of U, V, and
W respectively (ft/sec?).
Total velocity (ft/sec).
Weight of cup (1b)

Total weight (1b).

The components of position
of the flare along inertial
X, Y and Z axes/ (ft).

The components of total velocity
along inertial X, Y and Z

axes (ft/sec)

Density of air (slug/ft?)
Density of pyrotechnic (slug/ft®).
Angle of attack (deg).

Yaw of aerodynamic plane with
respect to X flare axis. (deg).

Magnus precession rate.
Aerodynamic precession rate.

Spin rate (rpm)
Weight lost at ignition (1b).

Spin inertia lost at ignition.

Transverse inertia lost at
ignition.




M AMT
N AN
P,Q.R P,Q,R

EP(1)
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Total static pitching moment

The normal force parallel to
the flare Z axis (1b.)
Component of flare axes angular

Rolling moment about aerodynamic X
X axis

Rol1ling moment coefficient
Magnus moment coefficient

Roll and pitch damping moment
coefficients respectively

Yawing (spin) moment about
Spin Axis :

Yawing Spin moment coefficient
Spin damping coefficient

Euler parameters used to generate
axis transformation matrices




APPENDIX C
EQUATIONS FOR STABILITY/PRECESSION ANALYSIS
Transforming the flare axis equations of Appendix B to the velocity axes
results in the following equations in terms of velocity and aerodynamic axis

parameters which were then linearized for stability/precession analytical
solutions,

1, ANGLE OF ATTACK
G'T = QA = QV-
2. ROLL ANGLE OF LIFT VECTOR

QV = PV + tany (RV cos & + QV sin §).

3. AZIMUTH OF VELOCITY VECTOR

b ) ‘ L .
HV = sec VY m sin &.
4, ELEVATION OF VELOCITY VECTOR (FLIGHT PATH ANGLE)

*(=QVCOS§-RVsin §V='%7 [(%) cosQV-gcosY].

a, Roll Rate of Velocity Vector Axes

PV = PA cos °‘T + RA sina..l..

b.  Yaw Rate of Velocity Vector Axes

Ry, = R

v AcosaT-PA sino.T.
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c. Pitch Rate of Velocity Vector Axes

Qv =% [% - g cosycos ’v ]
Velocity
V=- Pn':' - gsiny,

d. Roll Rate of Aerodynamic Axes

L] I
8 - a
P -"Z.pPA +[II" w - RA] Qp =¢[ (wa) ‘q‘m (o - aop) @

Pitch Rate of Aerodynamic Axes

< IS h&r ~
QA 'MQQA'[It— W - RA] PA = —q (G)-‘- MO. (aor = aop).

e. Yaw Rate of Aerodynamic Axes

. gcos ysindv + P. tan a_.

Ry Vcosa A T

where

a OP ° angle of attack for zero pitching moment

a = angle of attack for zero Magnus moment,

MQ= q Tstg CM -2%- = Pitch Damping Derivative,
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e =]

_ — Sd d _ I
Ly, = 9 T C, =y = Magnus Derivative.
°L. =4 Sd ¢, 2% - Roll Dam ing Derivative
. p LA Y P .
Cy 9, .
and where CMa. Clma = 3%’ T3a ° respectively, the slopes of the

pitching and Magnus moment coefficient curves,

L _ —g S _qSs _ . "
e CL =t CLo. Oy = Lift acceleration,
a aCL . . [
CLa = CNc. -C A5 ° Slope of the lift coefficient.
. acN
CN B - Slope of the normal force coefficient,
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APPENDIX D

TYPICAL CONFIGURATION DATA INPUT FOR
TRAJECTORY SIMULATION
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1.

TYPICAL GEOMETRIC AND INERTIA DATA

Diameter, d: As applicable
Thickness, hp: Flares, 2 in, others as applicable

Pyrotechnic Density, Ppt 2. 86 slugs per cubic feet

Case Weight, Wc: Live, 0,5 pound; inert, O,

Initial Pyrotechnic Weight, W, : Live, Actual/intended; Inert,
Total Weight {used b pounds ftg'OB inch flare, 12 pounds for 12 iach

flare, etc.).

Burning Time, tb: Live, as desired; Inert, any finite constant >0,

Ignition Delay Time, tI: Live, as desired; Inert, any arbitrary
number > ilight time.

Weight Dropped at Ignition, AWI: As required, usually used 0,

Thrust, T: As desired,
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2, AERODYNAMIC DAMPING COEFFICIENTS

ANGLE OF PITCH ROLL
ATTACK Cy L
(DEGREES) Q P
-10 -15 -15
ALL CONFIGURATIONS
0 TO 90 - 0.15 - 0.15
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3.

STATIC AERODYNAMIC COEFFICIENTS

oumeria; | awciior | wormas AxiAL PITCHING
THICRRESS ATTaCK FORCE Fonct | woment
m T ) €y €y
{anes 4 -10 0.4 0.20 ©0.026
-8 0.24 0.17 0.032
1sASELNE ] 0.02 0.1 0.004
cvimoEm s 024 0.17 0.026
10 0.44 0.2} 0.026
1 0.48 0.28 0.00%
20 0.60 0.30 0.018
.« 120 0.23 0.0%
.0 137 o1 0.062
% 134 o 0.0
2 “ -10 .40 0.20 0.026
-8 .24 0.17 ©.032
(SYMMETRICAL ° 0.0 0.16 0.0
UL L L s 0.2¢ 0.17 0.032
10 0.40 0.20 0.026
! 15 0.48 0.28 0.005
20 0.60 0.3 0.018
“ 1.20 0.23 0.07¢
60 1.3 0.11 0.062
% 1.34 0.0 0.0
1 “ -10 040 0.20 -.008
-5 -.024 a7 <0.011
(BASLLNE 4 1 0 0.02 0.16 0.004
cvimbEm s 0.24 0.17 0.013
10 0.44 0.2 009
15 0.48 0.28 -© 008
20 0.60 0.30 0.012
@ 1.20 0.23 0.076
60 137 0.1 0.062
%0 13 0.0 2.0
2 a1 -10 040 0.20 <.008
.5 0.24 047 ©.011
(SYMMETRICAL o 0.0 0.46 0.0
cvumpEm 5 0.2¢ 0.42 0.0
10 0.40 0.20 0.003
15 048 0.28 2.008
2 0.60 0.3 0.012
a0 120 0.23 0.0%
60 1.3 o 0.062
9 134 0.0 0.0
) 61 -10 o %0 0.135 002
-8 .24 0.11) 0027
(SYMMETRICAL 0 0.0 0.106 0.0
cvLmoem s 024 o113 0.027
10 040 0.138 0.020
15 0.48 0187 0.014
20 0.60 0.200 0.027
a0 1.20 019 9.0%
60 137 0074 0.062
%0 13 0.0 0.0
‘. 61 -10 0.7¢ [X™ 030
- 0.2¢ 0.064 0.048
(FRISBLE/CLAY 0 0.62 0.064 0.060
PIGEON SOLIDY 20 0.8 0.077 a.0%
28 138 0.064 0.0v¢
0 138 0.087 0.090
» 108 0.040 0.000
4 1.20 0038 1077
60 LR 0023 0.063
90 10 0.0 0.0
COW ICURATION
0 a1 -10 0.8 0.100 FE
.1 ©.2¢ 0.100 < orn
(BASELME ) 002 0.100 00
LIvE FLARD) 20 om 0120 0.044
2 ' 0.100 0.07e
% 118 0.090 0076
» )08 oo0rs 00w
S 120 0.060 0077
60 132 003 0063
" 1 oo oo
S -10 0.7 076 0 0%
5 0 42 0 20 PRI
MOLLOW CLAY [ 002 0 2+ -0 0%
MGEON 10 0.43 928 € 008
2 100 022 003
34 1.3 o 0 080
w© 12 014 o 028
0 1w 003 0022
0 Y 001 00l
v 120 X 06
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3. STATIC AERODYNAMIC COEFFICIENTS (Concluded)

DIAMETER/ ANGLE OF NORMAL AXIAL MTCHING
THICKNESS ATTACK FoRCE FORCE MOMINY
) lbten)[ts * b ' v’
7 8.7 -10 0.24 008 -0.066
Q 0.06 0.08 -0.0%0
(ToY FRISBEE) 4 0.2¢ 0.09 0.043
10 0.6 0.11 -0.0122
20 116 0.07% 0.0%
30 1.66 0.0% 0.088
35 1.48 0.04 0.02
40 1.48 0.03 0.01¢
60 1.3 0.01 0.008
90 1.24 0.0 0.0
T e
ac L3 -10 -0.46 0.13% -0.03
-5 -0.26 0.135 +0.04%
VAR ABLE CAVITY 0 -0.04 0.13% .02
81 BASELINE} 5 0.17 0.1365 0.03%
10 0.38 0.138 0.045
15 0.52 0.185 0.033
30 0.66 0.15% 0.066
40 1.05 o1 0.07¢
60 1.24 0.057 0.062
90 1.2 0.0 0.0
[N R
-10 -0.40 0.12% -0.03
-5 -0.2% 0.1265 -0.045
] -0.02 0.129 0.02
5 0.2 0132 0.03%
10 0.42 0.135 0.04%
15 0.54 0.46 0.033
30 v.87 0.16% 0.068
a0 1.08 0.102 0.078
60 1.3 0.049 0.062
90 p 2} e.0 .0
/0= 0.63
-10 ~0.46 0.15% .03
-8 -0 25 0.1% -0.02
[ -0.02 0.149 ©.003
L] 0.2 0.15 6023
10 0.42 0151 0.042
16 0 % 0.17% 0.04
q 30 0.8% 0 16% 0.074
as 113 0.12 0.09
10 1.2 0.07 0.004
90 1.1y .0 0.0
EER ¥
-10 <0.46 0.13% -0.024
- 0.2 0 14% 0.008
0 0.08 0.15% 0.022
3 2.3 0.17 0.038
12 Q.78 0.202 0.0
1 118 0.23 -n.01
30 137 017 0.007
45 144 0.109 0.024
a0 143 0.0%9 0.022
90 126 0.0 0.0
28 3 20 -0.6 0.3 <012
-1 -0.48 0.28 0.008
[SYMMETRICAL -10 -0.4 0.20 0 008
BUT DIFFERENT B ) -0.24 6.7 -0.011
FROM 24 - ] 0.0 ¢.18 0.0
USED FOR 5 024 0.7 0.011
NEGATIVE LAUNCH 10 04 0.2 -0.008
41 CYLINDERS) 15 0.48 0.28 <.008
0 0.6 0.3 0.012
10 1e 0.23 6.076
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